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ABSTRACT 

This report g i v e s  t h e  results  of an experimental study of the uee 

of feature detec t ion  for t e l e v i s i o n  bandwidth compression. The goal 

is to determhw from a set of patterns a set  of simpler pattern., or 

fea tures ,  so that each of t h e  original patterns can be forred,  at  

las t  approximately, by superposing the featurm. Four algorithm for 

detwminiag  featurn8 lrop pattern. a r e  described, and t h e  reiults of 

experiment. uaing th6.e algorithms are compared and evaluated.  
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I INTROIXJCTION 

. '. '. 
. .  

. .  

.. ' 

The g r e a t  t echn ica l  problems involved in t r a n s m i t t i n g  Lunar and 

p l ane ta ry  t e l e v i s i o n  p i c t u r e s  t o  Earth c a l l  for a carefu l  cons idera t ion  

of p o t e n t i a l l y  u s e f u l  bandwidth compression techniques .  A method of 

coding t e l e v i s i o n  signals t h a t  reduces t h e  number of b i t s  needed t o  

describe a . p i c t u r e  allows e i t h e r  a reduction In  t h e  bandwidth r equ i r ed  

of t h e  t ransmission channel or a more e f f i c i e n t  use  of an u n a l t e r a b l e  

channel.  This report gives the r e s u l t s  of an i n v e s t i g a t i o n  of t h e  use 

of f e a t u r e  d e t e c t i o n  f o r  such purposes. 
* 

The p i c t u r e s  considered In t h i s  s tudy are l i m i t e d  t o  black and 

whi te  p a t t e r n s  def ined  on a f i n i t e  g r id  o r  r e t i n a .  Thus  for a r e t i n a  

with N cells, N b i t s  of information are s u f f i c i e n t  t o  spec i fy  any 

p a t t e r n .  I f  all of the 2 possible p a t t e r n s  were equa l ly  probable,  

and i f  exac t  t ransmiseion of-the p a t t e r n s  were r e q u i r e d ,  no f u r t h e r  

reduot ion In t h e  average number of b l t s  needed would be poes ible .  

N 

. 

The classical coding r e s ~ l t s ~ , ~ ~ ~  show t h a t  a reduct ion  can be 

o b t a l n e d ' f f  there are  statistical Cons t ra in ts  on t h e  p a t t e r n s .  I n  t h i s  

s tudy  very s p e c i f i c  cone t r a in t s  on t h e  p a t t e r n s  are assumed. 

p a t t e r n  I n  the  set of pattern8 to  be t r ansmi t t ed  is assumed t o  be com- 

posed (at  least approximately) of some combination of K f e a t u r e s .  A 

f e a t u r e  Is i t s e l f  a pa t t e rn ,  usua l ly  d i f f e r e n t  from t h o r e  i n  the  set 

t o  be t r ansmi t t ed ,  and f ea tu res  are combined by supe rpos l t i on .  C l e a r l y ,  

Every 

i f  E < N, t h e  number of b i t s  needed to  s p e c i f y  P p a t t e r n  can be reduced 

fror N to  K. * 
* I  ' I ! .  

* 
I n  t h i s  report the word "feature" is used i n  a p r e c i s e  sense  t h a t  w i l l  
De d e f i n e 6  d o r t i y .  

'conneotfon w i t h  pattern recogni t ion probleinr; a d i scuss ion  Of its tole 
.,,, in t h a t  a p p l i c a t i o n  is g4ven i n  yip. ?!:, (References are l i6 ted  at  t h e  

Feature bsteetfcr. was nriginall?, developed i n  

I . *  
end of t h e  report.) 
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In general, n e i t h e r - t h e  f e a t u r e s  no r  t h e  number of features is 
known t p d o r i .  
t i v e  aet  of eample p a t t e r n s ,  t h e  t r a i n i n g  set. If f e a t u r e s  a r e  found 

t h a t  can 'Ire combined t o  reconstitute (at l a a t  approximately) t h e  

p a t t e r n s  I n  the t r a in t r ig  set, it $6 reasonable  t o  expect  t h a t  they  cab 

a180 be ueed to r e c o n s t i t u t e  (approximately) those p a t t e r n s  of whicb 

t h e  t r a l n l n g  Set I s  r ep resen ta t ive .  Then i f  the number of features i r  

'less than the numbeF'0f r e t i n a l  cells,' bandwidth ~ m p r e s s l o n  a n  be 

achieved a t  the cost of equlpllent complexity.  The t r a n s m i t t e r  i n d i c a t e s  

which of t h e  Y f e a t u r e s  are to  be used i n  recoas t i tu t ing  any p a t t e r n ,  

and the  r ece ive r ,  whicb has  prev1ously.been supp l i ed  w i t h  the fea tures  

derived Orom the training. ret ,  is capable  . .  of r e c q n e t i t u t i n g  any pettern 

similar to  those in the t r a i n i n g  set. 

They murt be determined from a s t a t i s t i ca l ly  representa-  

- 

Mort of t h e  effort i n '  t h i s  rtudy was concent ra ted  0x1 f i n d i n g  and 

eva lua t ing  algorithms for determining the f e a t u r e s  from a t r a i n i n @  s e t .  

Because little t h e o r e t i c a l  guidance was ava i lab le , '  t h e  eearch f o r  e f f e c -  

t i v e  algorithms wail a h s t  a n t i r e l y  experimental ,  c o n e i r t i n g  of a large . 

number o$ d f g i t a l  ccwputer runs and l i t t l e  3n the  way of theoretical 

support. . The eva lua t ipn  of t h e  proposed a lgor i thms was e h o  done 8%- 

p e r i s e a t a l l y . .  Quelltion6 such as the foPlow#.pg were, l n v e a t i g a t e d :  . I .  . 
' (1)'. ?or fixed K, how closely can t h e  p a t t e r n e  i n  the' * 

2- a ' t r a i n i n g  set be approximated? 
' "  0 

(a) 

f b  ' >  c 

How good are t h e s e  f ea tu res  for  r econ ' s t i t u t ing  

p a t t e r n s  i n  an independent t e r t l n g  S e t ?  

( 3 )  How 8 e n s i t I v e . a r e  the fsoturer to  varlat ionm in 8 1  

paramuters i n  the algorithm, rtra numbar of f0ntUrO8 

allowed, e t c . ?  

' ( 6 )  How dependent I s  t h e  performance of' the  algorithm 

on the n a t u r a  of the p a t t e r n s ?  

The r eau l to  of t h i s  i n v e r t i g a t i o a  ore glvea I n  t h l l  report. F i r 8 t  

an algorithm i m  dercr fbed  t h a t  attempts t o  deterrawe, for rury,pattorn 
'sat, a ret 'of ' f # B t U i O S  -iAa W h i ~ ' ~ a : ~ a t i e ~ r  'd~l, b. recanetitutmi 'crith 

; . <-, 

P 
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minimum error. The r e s u l t s  of us ing  t h i s  algorithm were reported 

and are b r i e f l y  summarized here .  A more d e t a i l e d  de- 

s c r i p t i o n  is then given of other  algorithms that  were studied i n  t h e  

hope of f inding an algorithm requiring less computation t i m e ,  thereby 

allowing experiments with larger re t inas .  Resul ts  of experiments with 

these algorithms are given. 



I1 THE EXHAUSTIVE ITERATIVE AIA;ORIT" 
I 

It is convenient to  rbpresent  a black and w h i t e  p a t t e r n  on a 

ret-na wi th  N c e l l o  by an N-tuple of ones and 8erom. The representa- 

t i o n  can be achieved by scanning t h e  rmth from l e f t  to  r i g h t  and 

top to bottom, 

i n  the N-tuple representa t ion ,  and each white c e l l  to a zero .  

s i m i l a r  r ep reeen ta t ion  ie used for  f e a t u r e s .  L 

1 . '  ' 

- - 
Each black c e l l  of the p a t t e r n  corresponds t o  a 

A - 
We d e i i n e  the f o a t u r e  m a t r i x  f 

and zero8 whose i - t h  r o w  I s  t h e  N-tuple reprementing the  10th  feature.  

That is, i f  f = 1, the j - t h  component (or cell) of t h e  i - t h  femture 

is one (or black) ;  otherwise the  j - t h  component (or cel l )  of the 

i-th f e a t u r e  is zero (or whi te ) ,  The e p e c l f i c a t i o n s  fo r  combining 

features to  form Y p a t t e r n s  a r e  given by the  composition matr ix ,  

[eij]; [elj] is an Y X-K mat r ix  of - ones and - zeron whose i - t h  r o w  

r p e c i f i e s ' h o r  the I - th  p o t t e r n  l e  to be r e c o n e t i t u t e d  from t h e  K 
feature.. 

of t h e  I - th  p a t t e r n ;  otherwise t h e  j - t h  f e a t u r e  is  not  80 used .  Re-  

c o n e t l t u t l o n  16 accomplished by the supe rpos i t l on  of a l l  f e a t u r e n  

u s e d .  

as t h e  K X N'matr lx  of ones [ ij3 - 
13 - - 

If ciJ o 1, t h e  3-th f e a t u r e  I s  used In t he  r e c o n s t i t u t i o n  

I 

The fol lowing cxaap l t  i l l u s t r a t e s  these Ideas. As shown on t h e  

next  page, a set of four f e a t u r e s  on a 3 X 3 r e t i n a  a r e  combined i n  

, va r ious  way. to foam a set *of, five p a t t e r n s  (K o 4, N = 9, I( = 5 ) .  

7 



a t fa ia ing  set ib and the'ncinber K ,  i t  may be irnpossibl6'to find mtrices 

such that  mch'pattern i n  0 is re&.onBtitUteQ exact ly ,  lfijl and LfiA 
Of  OUTS^, if K = M or N ,  exact reconat i tu t lon  can always be made by 

selecting the f k t a t e e  to be either the M patterns thenlselver Qf the N 

distinct p a t t e n r  r i a  one blaok cel l  each. 
cerned with the cam LI > N > K. 
w i t h  o n l y K  f08ture8, w e  desire t o  find oomporitioa and f ea ture  matfices 

yielding reconrt i tuted @tern8 that a m  

p.~srns in 0 ,  

. 

We shall u s u a l l y  be con- 

If exact r e c o n s t i t u t i o n  I s  impossible 

approximations to ahe 

<- 0 



Since  we do not  expect  to be a b l e  t o  f i n d  coraposition and f e a t u r e  

matrices t h a t  r e c o n s t i t u t e  t h e  p a t t e r n s  i n  0 exac t ly ,  we must s p e c i f y  

what i s  meant by approximate r e c o n s t i t u t i o n .  

c o n s t i t u t e d  p a t t e r n s  produced by a composition ma t r ix  and a f e a t u r e  

Le t  # '  be t h e  set of re- 

matr ix .  Le t  E be t h e  t o t a l  number of cel ls  i n  which t h e  p a t t e r n s  in 4 

d i f f e r  from those  i n  0 ' .  

specified K, composition and feature matrices t h a t  minimize E. 

We s h a l l  a t tempt  to  f i n d ,  f o r  any 4 and 
* 

The f o l k w i n g  algorithm (ca l led  t h e  eAPiust ive i t e r a t i v e  algorithm) 

was developed through coneul ta t ions  w i t h  P r o f .  H. D. Block  of Corne l l  

Un ive r s i ty .  For a given t r a i n i n g  set, #, and number K, we i t e r a t i v e l y  

a d j u s t  t h e  e n t r i e s  i n  t h e  eps i lon  and f e a t u r e  matrices u n t i l  t h e  t o t a l  

error, E, can no longer  be reduced, We begin wi th  a randorn.asaignment 

of ones and zeros f o r  t h e  e n t r i e s  i n  these matrices. 

h e  adjus tments  are made a1 fo l lows:  Select a n  en t ry ,  s a y  g of 
i d '  

t he  composition mat r ix .  Compute t h e  effect  on E obta ined  by  changing 

If o n l y  t h e  va lue  of t h i o  en t ry .  

E decreases, make t h e  change. If E remains t h e  same, we have t h r e e  

posaibi l i t ies  : 

i J  If E inc reases ,  do no t  &&e e 
> :  

. ,  1 , I * ,  
-. . 

(a) Always make t h e  change 

(b) Never m a k e  t h e  change 
. .  

1 .  . 

( c )  Fdake the change w i t h  some p r o b a b i l i t y , , ~ .  , 

Each of t h e s e  p o s s i b i l i t i e s  defines a d i f f e r e n t  mode of a p p l i c a t i o n  of 
the  algorithm: We s h a l l  l a b e l  theme a8 &des (a), (b), and (c), 

I 

.. , I  according t o  t h e . p o B l i b i l i t y  selected. 1 

, I . ! I  ~ 

I ,  I ( '  

* 
,This i s .  obvious ly  A vegy e,lementary d e f i n i t i o n  of r e c o n ~ t i t u t l o n  error. 
In l i e u  of o t h e r  error meesureu, i t  w a s  used throughout t h i s  s tudy  ad 

" a mean6 of comparing the m H 3 U l t B  achieved wi th  t h e  d i f f e r e n t  algorithms. 
I The a lgor i thm to be described can bo ured w i t h  any. o t h e r  error mea8ure . , 
t h a t  i a  s e n a i t i v e ' t o  the change of one retinal cel l  in one p a t t e r n .  

7 
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The a lgor i thm proceeds by applying t h e  above r u l e  to  each e n t r y  

of t h e  compas i t i on 'na t r lx  i n  turn. After t h e  composition mat r ix  has  

been thus  ad jus ted ,  w e  apply  a similar process  t o  t h e  f e a t u r e  m a t r i x .  

Select an  en t ry ,  f of t h e  f e a t u r e  matrix and compute the effect on 

E obta ined  by changing only  t h e  value of t h i s  e n t r y .  If E Increaser, 
If ll decreases ,  maks' the change. OtheraAse apply  do not  change f 

Modes (a), (b), or (c ) .  

ij  ' 

13 

I One pa88 through a l l  e n t r i e s  of the composition and feature matrices 

is called an i t e r a t i o n .  A successfu l  p a i r  of matrices may r e s u l t  only 

after s e v e r a l  i t e r a t i o n # . '  Note that  as t h e  algorithm pPoceed., B i s  
' 

monotone non-increasing. Therefore, a p p l i c a t i o n  of  t h e  algal'lthm ro- 
sulte '  i n  one of t h e  fd l lowing  three '  terminal c o n d l t l o n s  : .:4 , r 

I , 1 , ..' 
(1) I t  achieves  a set of ferturer producing a minimum 

. .  * , :  
. value  'of E. . .  

4 . e  

( 2 )  It  wanders e n d l e s s l y  on a p la t eau  above t h e  minimum 

E rtate.  

Or, it is t rapped  by a local but no t  a b s o l u t e  
minimum of E. 

1 . '  1 I .  A .  

. ,  4, 
(3) 

We haw, observed experimental ly  t h a t  us ing  Modes (a) or (b)  and 

cyc l ing  through t h e  composition and feature matrices I n  f i x e d  o r d e r  

o f t e n  rerrul ts  in Tenninal  Condition (2 ) .  This t e r m i n a l  Condition can 

be avoided by us ing  Mode (c), but  even wi th  Xode (a) t h e  p o s s i b i l i t y  

of Terminal Condition (3) has not been ru led  out. 

algorithm is not  guaranteed to achieve a set of f e a t u r e s  producing a 

minimum value  of E, t h e  us8 of Mode (a) has g e n e r a l l y  led t o  r e s u l t s  

t h a t  were c o n s i r t e n t  and d i f f i c u l t  t o  improve f u r t h e r .  

Even though t h i s  

The r e s u l t r  of experimental tests of t h i 8  algorithm wore r epor t ed  

previous l f  and are only b r l e f l y  summarized h e r e .  

patterns, each In t h e  io& of a solid t r i a n g l e ' o r  the degenerate remnant 

09 euch a figure,on a 5-by-5 r e t i n a ,  w e r e  s p l i t  i n t o  t w o  n e t s ,  a set of 
f o r t y  t r a i n i n g  btterlls and a set of forty tertlng'patterns'. Composition 

A ret of e i g h t y  

* I  ., I ' ,  

. :A LA?'> A ~ ~ ~ ; A ; Y !  3 .  3 * \ ~ I A , I ' - +  I . ?  ul   iff^,,,^ , i  
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and f e a t u r e  matrices were determined far the  t r a i n i n g  p a t t e r n s  by using 

the exhaust ive i t e r a t i v e  algorithm (Mode fa) 3 for t r e a t y  iteretione. 

The features t h u s  determined were then used to r e c o n s t i t u t e  t h e  t e s t i n g  

p a t t e r n s ;  t h e  compooition matrix f o r  these pa t t e rns  was determined by 

the same i t e r a t i v e  adjustment method. 

The r e s u l f .  obtained depended upon t h e  value chosen for t h e  p a r m e t e r  

K, t h e  number of features, For X = 6, 9,  and 12, the folfowing average 
mmber of errom per p a t t e r n  were obtained:  

Average Training Averoge Tes t ing  
K Set Errors Set Brrors 

6 2.35 3.05 

9 1.65 2.60 

12 1.08 2.03 

- 

metre errors were r e a s o n a b l y  evenly d i s t r i b u t e d  over the pa t t e rns ,  

80 t ha t  t h e  numbers given can be considered t o  be r e p r e s e n t a t i v e  of the 

number of errors encountered i n  r e c o n s t i t u t i n g  any one p a t t e r n .  On 

t h i s  bari8, t h e  r e s u l t a  obtained rem& to  be prornieing. 

However, v i t h  p a t t e r n s  on 4uch a small retina i t  i s  d i f f i c u l t  to 

draw firm conclusions about the q u a l i t y  of r e c o n s t i t u t i o n .  The amount 

of computation time requi red  by the  exhauetive i t e r a t i v e  algorithm is 

roughly propor t iona l  to  NMK , and i s  p roh ib i t i ve ly  long f o r  experiments 

u t i n g  appreciably l a r g e r  r e t inas .  Thus a conclusive eva lua t ion  of t h e  

uecafulnesr of feature de tec t ion  for bandwidth compression can not be 

2 

done without a faster algorithm. The following s e c t i o n  of t h i s  report 

deaar ibea other algorithm that were inves t iga t ed  in t h e  hope of f ind ing  

on. t h a t  would give comparable performance without being e f f e c t i v e l y  

l imi t ed  t o  small r e t i n a e .  



I11 EXPfERIMENTS WITH OIXER AWORITHMS r b  

The three d i f f e r e n t  algorithms t h a t  were inves t iga t ed  were t e s t e d  

on t h r e e  d i f f e r e n t  sets of pat terns .  

developed for  these  experiments were c a r e f u l l y  tailored to provide 

maximum e f f i c i ency .  

folluwed by a desc r ip t ion  of the pa t t e rns ,  and a comparison and evalua- 

t i o n  of the r e s u l t s  of the  experiments. 

of the computer p r o g r w  is given in Appendix A.  

explanat ion of t h e  computer runs I s  alven I n  Appendix B.. 

A. THEAU;ORITHMS 

The d i g i t a l  computer programs 

The algorithms themselvee are ,described first ,  

A d lacumion  of special f e a t u r e s  * 
A detailed l i s t i n g  and 

I .  

i , a  I .  L 

1. In t e r sec t ions  and Unions of P a t t e r n s  - 
Elements common to  a p a i r  of pa t t e rns  c o n s t i t u t e  t h e  i n t e r -  

section of the  pair and may be se lec ted  by performing a logical AND 

opera t ion  between correeponding element8 of the  two patterns. Elements 

Included i n  one or both of a pair  of p a t t e r n s  c o n s t i t u t e  t h e  union of 

t h e  palr and may be selected by performing a l o g i c a l  BR opera t ion ,be-  

tween cornsponding elements of t h e  two p a t t e r n s .  

In  the  EO00 computer, u p  t o  47 binary elements can be 

I accommodated in 8 s i n g l e  computer word, and t h e  l o g i c a l  ope ra to r s  AND 
.#and OR perform t h e i r  opera t ions  on a l l  b i t s  of a pai r  of words i n  

parallel.. Thus t h e  in t e r sec t ion  or union of two pa t t e rno  of 47 b i t 8  

o r  less, or Of 47-bit areas of two l a r g e r  pa t t e rns ,  can be accomplished 

i n  a single logical opera t ion .  

Experiments on t h e  BSOOO were conducted using 25- and 35-bit 

pa t t e rns ,  esch p a t t e r n  occupying a s i n g l e  computer word. Although de- 

t a i l s  var ied from experiment t o  experiment, t h e  e s s e n t i a l  opera t ions  

w e r e  genera l ly  as follows: C e r t a i n ' p a t t e r n r  of t h e  t r a i n i n g  set were 

demignated as t e n t a t i v e  f 'eaturer . The' remaining p a t t e r n s  were tested 

i x t  t e  tire aLv60iute and r e i a t i v e  s i ze8  of tneir i n t e r e e c t i o n r  with the  

t e n t a t i v e  f e a t u r e s .  

- .  ' 

Generally, each of t h e  remaining petterns was 

11 



combined vi th  t h a t  t e n t a t i v e  f ea tu re  w i u l  which i t  made the  l a r g e s t  

intersection. If that i n t e r seo t ion  was larger than a c r i t i ca l  size - 
% ?pa-. ~ 

, , (an a r b i t r a r y  parameter), t h e  t e n t a t i v e  f e a t u r e  was replaced by t h e  6 .  

+. .* 4: 

h -" : 
: ,.. ; <  

~ 1 i .. 
I n t e r s e c t i o n ,  rhlch was tben the  t e n t a t i v e  feature fo r  t h e  next  round 

of tes te .  If the maximum i n t e r sec t ion  made by a given p a t t e r n  w a s  

smallat than tbo crltioal size, the t e n t a t i v e d e n t u r e  was replaced by, 

its union wi th  the pattern, Sach pa t t e rn  of t h e  ' t ra ining Set w a s  

'-uciUaed 8t least once in orriv1ng:at t ho  f i n a l  ret -of f e a t u r e s . ,  
' 

t i v e  $eatuyes,  and a ride range of size paramoters w a s  l nves t ig8 ted .  

In  one fonn, t h e  a1gorithm"detamined the number 'of fda tu res  as w e l l  
aa t h e i r  s t r u c t u r e s .  . ' . )  

Various'sch&es were tr ied for  selecting the i n i t i a l  tent%-' 
. ,  

3. Sl lapl l f ied  I t e r a t i v e  Algorithm 

e.. fn t h e  exhaust lve i t e r a t i v e  algorithm described i n  Sea.  11, 

each element of the f e a t u r e  matrix and each element of t h e  composition 

4notrix w a s  examined in t u rn  and aor lgned ' tha t  value which minimized the 
t o t a l  error'in reconohruction of t h e  p a t t e r n  set. This process  was 

*.' 

repea ted  u n t i l  the total error Btabi l iced a t  a m i n i m u m  value.  

pro6oclure w86 slow, mainly becaw0 of t h e  m a y  t i n e s  t h e  p a t t e r n s  w e r e  

reconstructed and error8 computed, 

This 

Several  experiments were run on a simpler I t e r a t i v e  technique 

t h a t  doee not require repeated e r r o r  eva lua t ion .  A r b i t r a r i l y  f o m u l a t e d  

I n i t i a l  f e a t u r e s  wera assigiled in t h e  cornpsitian matr ix  t o  t h e  recon- 

s t r u c t i o n  of those p a t t e r n s  of t h e  t ra in ing  set which inc luded  more than . 
a c e r t a f n  fraction (an Brbit tU'y p a r m e t e r )  of the feature elements.. 1 

Then the feature8 were modified, Bleaent by element, in t roducing  or 
retain- only those  e l u w n t s  t h a t  occurred I n  more than a given f r8a-  

t ion ( a n a r b i t r a r y  parameter) of t h e  p a t t e r n s  to which t h a t  f e a t u r e  - . I ,  . '  t 
> 
' r a o  assigned in the composition matr ix .  This > .. process r .  was.repeatOd 



This algorithm was tested wi th  several rrets of i n i t i a l  features 
and 8 number of choices  Of t h e  a r b i t r a r y  parameter.  ' 

3. The Sequen t i a l  Algorithm 

This technique for  f e a t u r e  de te rmina t ion  is described i n  

detai l  in R e f .  1 (copies  of t h i s  p a p e r  have been f o m a r d e d  t o  JPL i n  

connect ion wi th  t h i s  p r o j e c t ) .  The e s s e n t i a l  o p e r a t i o n s  are as follows: 

Sircea 

'. 1 

% & , t e n t a t i v e  feature is initiated as a f i l l e d  retina. 
of i n t e r o e c t i o n s  wi th  auccess lve  p a t t e r n s  ( a r b i t r a r y  order) are measured. 

Xf t h e  size equa l s  or exceeds a c e r t a i n  measure, ,the i n t e r s e c t i o n  be- 
comes the  t e n t a t i v e  f e a t u r e .  When a l l  of the p a t t e r n s  In t h e  i n p u t  set 

have been considered,  one f e a t u r e  has been determined i n  i t s  f i n a l  fora .  
Repe t i t i on  of the same process determines a d d i t i o n a l  f e a t u r e s .  

L a  

This process would genera te  a number of i d e n t i c a l  f e a t u r e s  

except  t h a t  the  measure used for comparison is  equa l  to  t h e  sum of a 

f i x e d  parameter ( a r b i t r a r y )  and t h e  a m  of t h e  r e t i n a l  element8 I n  t h e  

union of a l l  prev loualy  deterkined features t h a t  would be t o t a l l y  con- 

t a i n e d  i n  t h e  modified t e n t a t i v e  f e a t u r e .  

' and success ive  passes  through the  p a t t e r n  set produce d i s t i n c t  f e a t u r e s .  

Thus t h e  measure changes, 

A f t e r  a number of f e a t u r e s  have been determined, a po in t  w i l l  

be reached where 'a  complete pass through t h e  p a t t e r n  set w i l l  permi t  no 

modi f ica t ion  of t he  f u l l - r e t i n a  t e n t a t i v e  f e a t u r e .  Thus t h i s  a lgo r i thm 
, *  . I t  

' determines  t h e  number as w e l l  am the' form of t h e  f e a t u r e s .  

This algorithxn was tested wi th  s e v e r a l  t ypes  o i  p a t t e r p  sets 
. >  

and a number of choices  of t h e  a r b i t r a r y  parameter.  

1 1. ., , * B w  THE PATTSRNS * ' .  I .  ' ~ ' I .  

Any approach to bandwidth compression must exploit, e x p l i c i t l y  o r  

i m p l i c i t l y ,  some s t a t i s t i ca l  property or p r o p e r t i e s  of t h e  message set. 

If a l l  possible patterns .on 8' given-sized r e t i n a '  were e q u a l l y  probable  

and f u l l  r e a o l u t i o n  were requi red  i n  t h e i r  t ransmiss ion ,  no bandwidth 

J corapresoioa would w posslble.1 The basic oaeumption of the f e a t u r e  
deteotion urd' uti2icot ioa- l  appruach %to buadwldtbf aanrpressioa. lls that' - 



p a t t e r n s  o f  s i g n i f i c a n c e  t o  t h e  u s e r  a t  t h e  r e c e i v i n g  end of t he  t r a n s -  

miss ion  system form a l i m i t e d  s u b s e t  w i t h  c e r t a n  common cha rac t e r -  

ist ics.  

Three d i s t i n c t l y  d i f f e r e n t  p a t t e r n  sets were used for  t e s t i n g  t h e  

sleveral  a lgor i thms for feature detection. There are, of course,  a 

great many s t a t i s t i ca l  measures which could be eva lua ted  fo r  t h e  p a t t e r n  

sets. 

and o n l y  t h e  s imples t  of s t a t i s t i c a l  computations wa8 performed. This 

The ques t ion  of s t a t i s t i c s  was not  pursued i n  depth,  however, 

' c o n s i s t e d  of count ing t h e ' f r e q u e n c i e s  of occurrence 'of  t h e  r e t i n a l  

e lements  for each set and t h e  f requencies  of element p a i r s  (digram 

f r equenc ie s ) .  Although no q u a n t i t a t i v e  cohclus lons  have been drawn from 

these statist ics,  t h e y  provide some i n s i g h t  u s e f u l  i n  t h e  i n t e r p r e t a t i o n  

of some of t h e  fea ture-de tec t ion  results. '. I f  I . .  

1. Tr i angu la r  P a t t e r n  Set 

Th i s  is t h e  se t  of 80 patterns u t i l i z e d  i n  t h e  experiments 

described i n  R e f .  5 (and reproduced i n  F igs .  1 and 2 of t h a t  report). 

They were cons t ruc ted  according t o  a r i g i d  rule and exhibi t  a high  de- 

g r a e  of r e g u l a r i t y .  Each pa t t e rn  is a so l id  t r i a n g l e  o r  t h e  degenera te  

remnant of such a f i g u r e .  

* 

The p a t t e r n s  were cons t ruc ted  by cons ider ing  each element of 

t h e  5-by-5 r e t i n a  as t h e  apex of f o u r  r i g h t  t r i a n g l e s ,  w i t h  bases up, 

down, r i g h t ,  and l e f t .  Each of t h e  f o u r  so l id  t r i a n g l e s  w a s  cons idered  

as a p a t t e r n ,  even i f  t h e  apex l ay  a t  an edge of t h e  r e t i n a  and only  a 

s i n g l e  element was r e t a i n e d .  One hundred such p a t t e r n s  may be iden- 

t i f i e d ,  twenty of  which are redundant, l eav ing  a t o t a l  of 80 d i s t i n c t  

p a t t e r n s .  The number of elements per p a t t e r n  v a r i e s  over a wide range. 

S i x t e e n  p a t t e r n s  c o n s i s t  of s i n g l e  elements on t h e  r e t i n a l  per imeter ;  

four con ta in  t h r e e  elements each; twelve con ta in  four elements  each;  

e t c .  The largest p a t t e r n s  are e i g h t  of 18 elements  and f o u r  of 19 

elements .  

I .  

. a  A I  . 
% , I V G i : p t i C = ,  merig e?esiext ireq~enci+s Fn the .+,rLmgdl~r patter3 

set are small., The a r r a y  of elment f requenci8s  (Table I) is completely 



. .  

26 30 32' 30 26 

Digram s ta t i r t i ce  of th i s  pattern set 

, ' I #  . 1 , I  

are slmllarly bland. 

In the following arrnys (Table IS), t h e  boxed number designate8 the  

element to which the  digram. frequencles reibr 6 .  and !s the total fre- 

quenap of that. element. The- other. entries. are- the numbers of, t i m e .  

those e1em-t. occur together,  with' the  pox& element ln. the  total pattern 

set. 

I, , \ 
. I  I .  . . . . . . .  ., 

I <  

' DIGRAY FREQUENCIES--TRSANGULAR PATTERNS (80 )  
, \  * ' J  : t 1 1 '  .I, ' .& I I .  e. - 1 1 ' .  

. ' 20'"16' 12. 9?- , '  20 )261 20 16 12 '16 20 20 16 4 

20 23 17 12 7 18 21 22 18 10 13 20 21 20 . 13 
16 17 17 10 5 13 16 16 14 7 11 14 16 14 11 

16 



The digram f requencies  arc  seen  to  decrease r a t h e r  monoton- 

ously wi th  d i s t a n c e  between pairs of elements .  There are no r u r p r i s e s  

in t h e  E t a t i s t i c e .  

tr 

The t r i a n g u l a r  pa t t e rns  are low-deta i l  f i g u r e s  which could  

be t r a n h i t t e d  without  e e r i o u s  lose of in format ion  by l o r - r e s o l u t i o n  

ana log  techniques .  They appear  to be e s s e n t i a l l y  f e a t u r e l e s s ,  i n  t h e  

sense tha t  t h e i r  s t a t i s t i c s  are smooth and u n i n t e r e s t i n g .  
1 s  

An approximation to simple r e s o l u t i o n  r educ t ion  was tested 

wi th  t h i s  p a t t e r n  set. Nine non-overlapping f e a t u r e s ,  c o n s i s t i n g  of 

c l u s t e r s  of three r e t i n a l  elements each except  f o r  a lone  c e n t r a l  

element,  were assigned to r econs t ruc t ion  of t h e  p a t t e r n s .  The f e a t u r e 8  

were : 

I ,  . i  

- ,  

, *  * * . .  r *  . 
, .  I 

x x . . .  ... XX ............... . . X . .  ............... 
x . . . .  .... x .......... . x . . .  . . X X . '  ................ 
.............. X X . . . .  . . . . . . . . . . . . .  x. .xx . .  ..... 

. .  
. ' I  ' I 

........................ x%. . .  ..... ....xx ..... .ex. . .  . 

......... : ... XX xx.. .  ................ . . X . .  ..... 
' -  

These t r i a n g u l a r  clusters a re  as close an approximation a6 can be made 

on t h i s  small r e t i n a  to  a simple r educ t ion  of r e s o l u t i o n  by a f a c t o r  of 

abou t  three, 'The f e a t u r e s  were no t  modified i n  t h i s  experiment but  

. C  

simply ass igned  t o  the r econs t ruc t ion  of t h e  p a t t e r n s  so as t o  minimize 

t h e  t o t a l  errors for t h e  t r a i n i n g  and t e s t i n g  sets. The errors ob ta ined  

were: . . I '  

L -  

I 

- c  
( 1  ; i i  

T r a in ing  S e t  Errors  T e s t i n g  Set Errors , 
Total Average T o t a l  Average 

' I  

76 1.90 88 2.20 

. T  

S i n c e  there w a s  AO t r a i n i n g ,  t he  d i f f e r e n c e  between the  resul ts  f o r  t h e  

t w o  sets is pure ly .due  to the arbitrary divAsion of t h e  80 p a t t g r n s  i n -  

t o  t w o  gmr?pr, ?he ~ v e r a g e  error per pattern i r  2.05 elesents, resultipig 

f'fom 8 pattern6 w i t h  zero error, 16 with o m  error, 1 0 : v i t h  t w o  errors, 

and 36 with three errors. 
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2. Alphanumeric P a t t e r n  Set 

To be u s e f u l ,  a f ea tu re -de tec t ion  a lgor i thm should provide  

reasonable  perfonnance on d i f f e r e n t  types  of p a t t e r n  s e t s .  To test 

t h e  va r ious  t e n t a t i v e  a lgor i thms on p a t t e r n s  composed of line segaen t s  

and t o  avoid the r e g u l a r i t y  of pa t t e rns  cont r ived  by the o p e r a t i o n  of 

r i g i d  r u l e s ,  w e  selected 8 set of alphanumeric c h a r a c t e r s  designed on 

a 5-by-7 ma t r ix  f o r  uae w l t b  e l e c t r i c a l  and m e c h a n i c a l ' p r l n t e r r .  The 

set  consisted o€ 35 characters (A through Z, 221 c a p i t a l s ,  and 1 through 

9) 98 produced by t h e  p r i n t  wheels on the IW keypunch. 

Element f requencies  (Table 11x1 showed ride v a r i a t i o n  i n  t h e  

alphanumeric p a t t e r n  set, ,and there  appears to  be l i t t l e  symmetry to  

the '  d i a t r i b u t i o n .  . -  . ,  
L .  I )  ~ r .  . *  ,'i A t, ; ' 

- 2  

> 
Table 111 

. ') , 4  ' I' 4 ,  I 

E m  FREQU~CIEs--ALP"UAfERIC PATTBRNS (35) 

. A  

20 19 23 21 17 

24 7 4 3 23 

21 7 7 6 18 

1 ,  18 13 20 13 13 

30 8 10 5 18 

25 4 5 6 18 

t -  
7 ,  

! * , I  c. 

I _ -  L ' d  

* , I  

16 20 23 18 14 

The main f e a t u r e  apparent i n  t h e  element-frequency a r r a y  is 

t he  concen t r a t ion  of l a r g e  number8 around the  pe r ime te r  and h o r i z o n t a l l y  

a c r o s r , t h e  c e n t e r  of t h e  r e t i n a .  . 
L 

I Digram statist ics of t h e  alphanumeric patterns show some long- 

range c o r r e l a t i o n s  and i n t e r e s t i n g l y  low shor t - range  c o r r e l a t i o n s  .in 

some directions. 
t h i r .  ' ?; L I { 

A few of. the'dlagram a r ray8  (Table IV)  will I l l u s t r a t e  

. .  
L c: A f- 0 r (. 

. I  1 .  .; , I .  I .  r l  



Table  I V  

'. 

4 2 5 3 2  1 ' 1  3 2 1 2 0  

15 4 1 2 1 4  . 14 2 1 0 1 4 .  14 5 3 1 1 4  

13 5 5 ' 5 '  10 I 11 4 , 2 3. 10. i, 13 4 4 3 11 

11 9 13 I 6 7 -  8 9 1 3  8 6 I 1 0 1 0 1 6  9 7 

- 1 1  6 5 2 8 , 1 0  4 3 1 9 , l 2  5 6 2 i i  
14 4 3 3 9 ,  14 3 1 3  9 ' 1 6  3 3  3 1 1  

9 17 18 14 7 8 ,15 15 12 6 
, I  ,, , I  ,'\ A I .  

14 8 10 7 10 
, ,  

10 19 20 7 15 7 7 71171 15 14 14 14 13 

14 3 2 1 14 13 2 1 2 11 u2 0 2 1 8  
12 5 2 4 10 1 1 3 5 5 7  19 4 4 3 14 

10 10 14 10 6 9 5 9 4 8  15 10 13 10 10 

12 5 4 2 11 9 4 4 2 8  17 2 5 3 12 
I , .  

15 3 1 4 10 1 3 2 3 2 9  21 1 2 5 13 

8 16 16 14 6 9 7 9 6 9  12 13 15 11 12 

1 0 2  

2 n  1 2  4 0 1 p J o  0 2 2  

4 2 3 0 5  0 1 3 1 0  3 0  

4 3 4 3 4  1 0 3 1 0  3 1  

4 3 2 1 6  1 1 4 1 1  3 1  

4 2 1 0 6  0 0 3 1 0  3 0  

1 3 2 0  3 0  'S"4 4 4 3 L.' I .  0 

14 14 14 14 11 13 11 13 12 11 ' 5 4 

18 4 0 1B 19 4 0 3 ,13 - 4  2 
13 5 , 2 . 4 17. !-; 1211 1 4 : 1 13 ! ;.., 1 a 

' 110 9 14 J.0 10 > 17 10 9 , 9. 11 . 1 .2 

12 6 4 3 13 18 2 5 2 13 1 4  

17 4 2 4 14 19 1 1 5 12 3 2  

11 14 15 11 9 11 11 12 9 11 3 4  

O B  1 

2 0 2  

1 0 2  

2 1 2  

0 1 2  

0 0 3  

4 5 3  

1 0 5  

1 ! . 4  2 

4 2 2  

2 3 0 : .  

1 1 5  

5 5 1  

18 



By c o n t r a s t  w i t h  t h e  digram s ta t is t ics  of t h e  t r i a n g u l a r  

p a t t e r n  set, t h e s e  a r r a y s  show wide v a r i a t i o n s  and  f r e q u e n t  i r r e g u -  

lari t ies.  Although t h e  success  o f  f e a t u r e  d e t e c t i o n  and u t i l i z a t i o n  

f o r  bandwidth r e d u c t i o n  will depend on h i g h e r - o r d e r  S t a t i s t i c s ,  t h i s  

s t a t i s t i ca l  b e h a v i o r  a t  least i n d i c a t e s  somewhat g r e a t e r  promise f o r  

success t h a n  t h a t  of t h e  triangular p a t t e r n s .  

Uae of t h e  alphanumeric p a t t e r n s  provided  some a d d i t i o n a l  i n -  

sight i n t o  t h e  preblem o f  e r r o r  cr i ter ia .  In p a r t i c u l a r ,  many of t h e  

p a t t e r n s  could  n o t  be recognized unambiguously a l t h o u g h  r e c o n s t r u c t e d  

w i t h  few e lements  in error, whereas o t h e r s  were r e c o g n i z e a b l e  a l t h o u g h  

p e r t u r b e d  by many errors. Twelve of t h e  35 characters d i f f e r  from some 

o t h e r  c h a r a c t e r  of t h e  set by only  t h r e e  r e t i n a l  e l e m e n t s .  

numeral 4, differs by a t  least 16 e lements  from a l l  of t h e  o t h e r  

characters. Thus if c h a r a c t e r  r e c o g n i t i o n  were i n t e n d e d ,  t h e  simple 

One, t h e  

error c r i t e r i o n  employed i n  t h e s e  exper iments  would be t n t a l l y  in-, .. 4 

a d e q u a t e .  

3. Seven-Feature  P a t t e r n  Se t  

A t h i r d  p a t t e r n  set  used i n  t h e  e v a l u a t i o n  of f e a t u r e -  

d e t e c t i o n  algorithms was p r e v i o u s l y  employed i n  exper iments  reported 

by Block, Ni l sson ,  and Duda.' 

comple te  set .)  

22 d i s t i n c t  p a t t e r n s  and two r e p e a t s ,  for a t o t a l  of 2 4  p a t t e r n s .  

t h e  p a t t e r n s  can be c o n s t r u c t e d  from some combinat ion of seven  f e a t u r e s ,  

t h e  s i m p l e s t  f e a t u r e  set b e i n g  the f o l l o w i n g :  

(F igure  14  of Ref.  1 i l l u s t r a t e s  t h e  

C o n s t r u c t e d  on a 5-by-5 r e t i n a ,  t h e  set c o n s i s t s  of 
All 

J .  

xxxxx .......... x . . . .  . . x . .  .... x .... x 

...... .xxx. ..... x .... . . X . .  .... x . . x . .  ............... x . . . .  . . x . .  .... x . x . . .  .......... xxxxx x . . , .  . .x . .  .... x x . . . .  

. .  . . . ....... . . , . a .  x .... . . x . .  .... x ... x . ,  4 

The measured s t a t i s t i c s  of t h e s e  p a t t e r n s  are shown i n  T a b l e s  V and VI. 
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Table  V 

ELEMWl' FREQUENCIES--SEVEN-FEATURE PATTERNS (24) 

21 15 18 15 22 

14 0 7 6 12 

14 7 19 7 12 

14 6 7 0 12 

22 14 18 14 18 

1 ,  

Table VI 

DIGW FREQUENCIES --SIGVEN-FEAT~RE PATTERNS (2 4 

15 16 15 20 * " '15 15 '15 '15 ' '  16 ~ 15 15 ' 17 

14 0 5 5 11 '' 8 0 4 3 7 '  g 0 7 ' 4  8 

14 7 17 7 11 8 6 1 3  6 7 9 6 16' 6 8 

14 5 5 0 11 8 3 4 0 7  9 4 7 0 8  

14 10 12 10 12 16 11 I 15 11 13 20 13 15 13 17 

15 15 19 115) 15 20 15 17 15 14 8 9 8 13 

8 0 4 3 7  13 0 6 6 12 a 0 2  2 9 

8 6 1 3  6 7 13 7 18 7 12 14 6 10 6 9 

a 3 4 0 7  13 6 6 0 12 1 4 2 2 0 9  

14 10 12 10 12 21 13 16 13 17 14 8 9 8 12 

5 4 7 4 6  5 3 4 3 6  11 7 8 7 12 

2 o p J . 1  3 2 , o  1pJ 1 :  . 9  0 3 1pJ 
9 5 9 5 1 2  

2 1 .7. 0 3 .  2 .  6 .  1, 0 - 1  . 9 .1.. 3 0 12 
. .  2 0 7 0 3  2 0 ' 6  0 1 

5 3 7 3 4  6 2 3 2 3  12 8 9 8 12 
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I -7 -) RE-ORDER hb. J -  - .---- 2 

14 8 9 8 13 7 6 6 6 7  17 13 16 13 18 

14 0 2 2 9 .  6 0 0 0 5  1 0 0 7 6 9  

1141 6 10 ... 6 B 6a 7 . 7  .5,. 10 ,,7 pGJ 7 Q 

14 2 2 0 9 . .  6 . 0  0 0 5 . .  10 6 7 0 9 

,14 8 9 - * 8  12 , . 7  4 4 . 4  6 17, 9 13 9 13 

Et Cetera-- ' I .. 

Some of t h e  f e a t u r e s  appear  prominent ly  i n  t h e  digram array.. 

When t h e  r e f e r e n c e  element  i n  a digram a r r a y  o c c u r s  o n l y  i n  a s i n g l e  

f e a t u r e ,  all e lements  of t h a t  f e a t u r e  e x h i b i t  t h e  m a x i m u m  va lue  for , 

t h e  a r r a y .  Other  e lements  which also e x h i b i t  t h i s  maximum v a l u e  may 

be i n c l u d e d  i n  t h a t  f e a t u r e ,  s ince t h e y  always o c c u r  w i t h  t h e  o t h e r  

e l e m e n t s  i n  t h e  p a t t e r n  se t .  This s i t u a t i o n  o c c u r s  i n  t h e  n i n t h  digram 

a r r a y ,  v h e r e  t h e  r igh t -hand column and t h e  lower l e f t - h a n d  c o r n e r  d i s -  

p l a y  t h e  v a l u e  l2, and also i n  t h e  e l e v e n t h  array, where t h e  t h r e e -  

e lement  c e n t r a l  h o r i z o n t a l  b a r  and three c o r n e r  e lements  display t h e  < 

v a l u e  7 .  Thus from t h e s e  s imple s ta t i s t ics  w e  can see t h a t  t h e  f e a t u r e  

set is not  unique .  
- 

C. COMPARISON AND EVALUATION OF PROMISING ALGORITHMS 

Each of t h e  t e c h n i q u e s  for f e a t u r e  d e t e c t i o n  was tested i n  several 

modi f ied  forms and u s u a l l y  w i t h  a range  o f  v a l u e s  for each  of t h e  

a r b i t r a r y  parameters  i n v o l v e d .  About 70 r u n s  were made on t h e  85000 

computer, and many of t h e s e  tested m o r e  t h a n  one t e c h n i q u e  or several 

v a l u e s  of S o m e  parameter, Some procedures  were common t o  a l l  or most 

of t h e  runs,  ,and t h e  general o r d e r  of b u s i n e s s  was as follows: 

* 

I '  

) .  * 
A d e t a i l e d  l i s t i n g  and e x p l a n a t i o n  of t h e o c o m p u t e r . r u n s  la g i v e n  i n . ,  
Appendix B. 
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A p a t t e r n  set was read i n t o  memory. I n  some cases, t h i s  p a t t e r n  

set was t r e a t e d  as t w o  s u b s e t s ,  a t r a i n i n g  set and a t e s t i n g  s e t .  Each 

p a t t e r n  may be c o n s i d e r e d  as a 5-by-5 o r  5-by-7 b i n a r y  a r r a y ,  a l t h o u g h  

stored as a single word i n  t h e  computer. A block of memory was set 

aside f o r  t h e  f e a t u r e s  to  be determined.  

a p a t t e r n  on t h e  same r e t i n a l  a r r a y  as t h e  i n p u t  p a t t e r n s .  I n  some 

cases, a set of I n i t i a l  f e a t u r e s  w a s  loaded i n  t h e  i n p u t  p r o c e s s ;  i n  

o t h e r  casesj t h e  f e a t u r e  set was i n i t i a l l y  e m p t y .  Another block  of 

memory was r e s e r v e d  f o r  t h e  composi t ion m a t r i x ,  which may b e  c o n s i d e r e d  

as a r e c t a n g u l a r  a r r a y  w i t h  o n e  dimension e q u a l  t o  t h e  number of f e a t u r e 8  

and t h e  o t h e r  dimension e q u a l  t o  t h e  t o t a l  number of p a t t e r n s  ( t r a i n i n g  

and t e s t i n g ) .  A b i n a r y  occupying t h e  element  c o r r e s p o n d i n g  t o  a g i v e n  

f e a t u r e  and a g i v e n  p a t t e r n  aeolgns  t h a t  f e a t u r e  to  t h e  r e c o n s t r u c t i o n  

of  t h a t  p a t t e r n .  The r e c o n s t r u c t e d  p a t t e r n  is t h e n  t h e  union  of  a l l  ' 

f e a t u r e s  80 d e s i g n a t e d  i n  t h e  composition matr ix .  The composi t ion  

m a t r i x  could  be loaded  w i t h  t e n t a t i v e  v a l u e s  a t  i n p u t ,  or c o n s i d e r e d  . 
i n i  t i a l l y  empty. 

Each f e a t u r e  is e s s e n t i a l l y  

Various p r i n t o u t s  were provided d u r i n g  performance of some of t h e  

f e a t u r e - d e t e c t i o n  algorithms, so t h a t  d e t a i l s  of t h e  p r o c e s s  c o u l d  be 

r e c o n s t r u c t e d  and ana lyzed .  

p r i n t e d .  In i t e r a t i v e  techniques  t h a t  determined f e a t u r e s  and composi- 

t i o n  m a t r i x  t o g e t h e r ,  p a t t e r n  errors were p r i n t e d  o u t  a t  each  i t e r a t i o n  

so t h a t  t h e  t r e n d  toward or away from convergence c o u l d  be examined. 

I n  o t h e r  c a s e s ,  o n l y  t h e  f i n a l  r e s u l t  was 

Following t h e  performance of a l g o r i t h m s  t h a t  produced f e a t u r e s  

a l o n e ,  t h e  composi t ion m a t r i x  was determined  by per forming  s e v e r a l  

i t e r a t i o n s  of t h e  procedure  used f o r  m o d i f i c a t i o n  of t h e  composi t ion  

matrix i n  t h e  e x h a u s t i v e  i t e r a t i v e  a l g o r i t h m  as described i n  Sec.  11. 

I n  each  experiment ,  p a t t e r n  errors were e v a l u a t e d  by comparing 

t h e  r e c o n s t r u c t e d  p a t t e r n s  w i t h  t h e i r  i n p u t  c o u n t e r p a r t s ,  and t o t a l l i n g  

error8 f o r  t h e  set .  I f  t h e r e  was a s u b s e t  of  t e s t i n g  p a t t e r n s ,  t h e  

above procedures  f o r  de te rmining  the  composi t ion  m a t r i x  and errors were 
alwayr employed f o r  t h i s  set. ' . 1 . .  

* ,  
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S i n c e  t h e  e x h a u s t i v e  i t e r a t i v e  a l g o r i t h m  d e s c r i b e d  i n  S e c .  I1 

s e r v e d  as a s t a n d a r d  of comparison, one e v a l u a t i o n  t e c h n i q u e  which w a s  

f r e q u e n t l y  employed c o n s i s t e d  of runn ing  t h i s  algorithm i n  tandem w i t h  

t h e  scheme be ing  e v a l u a t e d .  The f e a t u r e s  produced by t h e  a l g o r i t h m  

under  test  were used as i n i t i a l  features  for t h e  i t e r a t i v e  p r o c e d u r e s ,  

and t h e  d i s p a r i t y  between t h e  error f i g u r e s  o b t a i n e d  w i t h  t h e  i n i t i a l  

and f i n a l  set.s of f e a t u r e s  w a s  c o n s i d e r e d  as t h e  margin for p o s s i b l e  

improvement. 

I n  most cases, p r i n t o u t  i nc luded  t h e  i n p u t  p a t t e r n s ,  f e a t u r e s ,  and 

composition m a t r i x  ( u n l e s s  empty), f e a t u r e s  produced by t h e  a l g o r i t h m  

under  test ,  f i n a l  compos i t ion  ma t r ix ,  and r e c o n s t r u c t e d  p a t t e r n s  w i t h  

a t a b u l a t i o n  of errors, t o g e t h e r  w i t h  wha teve r  s p e c i a l  i n f o r m a t i o n  w a s  

produced d u r i n g  t h e  f e a t u r e - d e t e c t i o n  p r o c e s s .  

A 8  a s t a n d a r d  f o r  comparison, t h e  e x h a u s t i v e  i t e r a t i v e  a l g o r i t h m  

a p p e a r s  t o  g ive  f a i r l y  cons i s t e r i t  r e s u l t s ,  a l t h o u g h  a b s o l u t e  minimum 

errors are n o t  g u a r a n t e e d  by t h i s  t e c h n i q u e .  The following sets of 

r e s u l t 8  were o b t a i n e d  on t h e  T r i a n g u l a r  P a t t e r n s  when t h e  e x h a u s t i v e  

i t e r a t i v e  algorithm w a s  a sked  t o  f i n d  n i n e  f e a t u r e s  : 

a ., , - ,  . . ‘ I * ,  T r a i n i n g  S e t  Errors T e s t i n g  S e t  E r r o r s  
T o t a l  Average T o t a l  Average 

. (a) :, 66 1.65 104 2.60 

. (b) 1 66 1.65 86 2.15 

( C )  65 1.63 88 2 .20  

R e s u l t s  (a) were o b t a i n e d  on t h e  IBM 7090 and i n  Run 2 1  on t h e  B5000 

u s i n g  t h e  same set  of a r b i t r a r i l y  c o n s t r u c t e d  i n i t i a l  f e a t u r e s  and t h e  

same a r b i t r a r y  i n i t i a l  composition m a t r i x .  R e s u l t s  (b)  were o b t a i n e d  

i n  Run 24 u s i n g  a set of t h ree -e l emen t  c l u s t e r s  as  i n i t i a l  f e a t u r e s ,  

* 

I 

* , 
The computer r u n s  are l i s t e d  In Appendix B. 



w i t h  t h e  comp i t i o n  m a t r i x  i i t i a l l y  empty. Resul s (c) were o b t a i n e d  

i n  Runs 35 and SRI 4 and.5, which employed one  of t h e  " i n t e r s e c t i o n s  and 

unions"  a l g o r i t h m s  t o  produce a set of i n i t i a l  f e a t u r e s .  

Performance on t h e  t r a i n i n g  set is s e e n  t o  be q u i t e  c o n s i s t e n t ,  

a l t h o u g h  it is e v i d e n t  t h a t  t h e  f e a t u r e s  de te rmined  depend somewhat 

on t h e  i n i t i a l  s e t .  The primary o b j e c t i v e  of t h e  work h e r e i n  reported 

w a s  to  develop  a n  algorithm which would approach t h i s  error performance 

w i t h  much less computat ion.  

Opera t ing  on t h e  Alphanumeric P a t t e r n  Set, t h e  e x h a u s t i v e  i t e r a t i v e  

algorithm produced t h e  f o l l o w i n g  r e s u l t s :  

i d  

' F e a t u r e s  ' P a t t e r n '  S e t  Errors 
T o t a l  Average 

I .  I . (a) - 8 . '  8 . 136 3.89 

(b) . '  8 152 4.34 

( C )  8 155 4.43 

i s  

(d 1 9 144 4.11 

These r e s u l t s  were o b t a i n e d  from i n i t i a l  f e a t u r e s  produced by 

d i f f e r e n t  v e r e i o n s  of t h e  " i n t e r s e c t i o n s  and unions" a l g o r i t h m ,  Runs 

39, 40, and 41, and SRI 4 and 5 .  Nine f e a t u r e s  were found i n  ( d ) ,  as 

compared w i t h  e i g h t  i n  t h e  o t h e r s ,  so t h a t  one  would e x p e c t  a l o w e r  

minimum error f o r  t h i s  case. S c a t t e r  of t h e  r e s u l t s  i m p l i e s  t h a t  

f u r t h e r  e x p e r i m e n t a t i o n  might  w e l l  y i e l d  lower minima. 

Opera t ing  on t h e  Seven-Feature P a t t e r n  S e t ,  t h e  e x h a u s t i v e  i t e r a t i v e  

algorithm f a i l e d  t o  y i e l d  seven f e a t u r e s  t h a t  would reduce  t h e  error t o  

zero. I n i t i a l  f e a t u r e s ,  der ived  from o n e  of t h e  i n t e r s e c t i o n s  and  

unions" t e c h n i q u e s ,  y i e l d e d  e r r o r s  of 36 b i t s  t o t a l ,  o r  1.50 b i t s  p e r  

p a t t e r n  on t h e  a v e r a g e .  The e x h a u s t i v e  i t e r a t i v e  a l g o r i t h m  reduced 

t h i r  error t o  17 b i t s  to ta l ,  or 0.71 b i t  average ,  b u t  c o u l d  do no better. 

The i n i t i a l  f e a t u r e s  were d i s t i n c t  and r e a s o n a b l e ,  p r o v i d i n g  no e a s y  

e x p l a n a t i o n  f o r  t h e  f a i l u r e  t o  go a l l  t h e  ray to  t h e  known m i n i m u m  

p o s s i b l e  error, namely zero. 

T l  

. 1 '  
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l I 

1: I n t e r s e c t i o n s  and Unions o f  P a t t e r n s  

Techniques u t i l i z i n g  i n t e r s e c t i o n s  and u n i o n s  of p a t t e r n s  to 

d e t e r m i n e  f e a t u r e s  evolved through many m o d i f i c a t i o n s .  I n i t i a l  e f f o r t  

w a s  devoted  t o  tes ts  u t i l i z i n g  t h e  T r i a n g u l a r  p a t t e r n s ,  

random scheme f o r  e e l e c t i n g  p a t t e r n s  as t e n t a t i v e  f e a t u r e s  and t h e n  

modifying them by i n t e r e e c t i o n s  ( i f  larger t h a n  an a r b i t r a r y  s i z e )  or 
u n i o n s  w i t h  randomly selected members of t h e  t r a i n i n g  p a t t e r n  set y i e l d e d  

l a r g e  errors. "he scheme was then madii ied to select t h e  f i r s t  Pew 

p a t t e r n s  a6 t e n t a t i v e  f e a t u r e s  and combine them w i t h  t h o s e  p a t t e r n s  

. w i t h  which t h e y  had t h e  most elements  i n  common. The best r e s u l t s  w i t h  

t h e  T r i a n g u l a r  p a t t e r n s  were;obtained u s i n g  t h e  l a r g e s t  p a t t e r n s  as 

t e n t a t i v e  f e a t u r e s  and combining them w i t h  t h e  remaining p a t t e r n s  w i t h  

which they made t h e  l a r g e s t  i n t e r s e c t i o n s .  

A t o t a l l y  

M u l t i p l e  r u n s  were made to d e t e r m i n e  t h e  optimum v a l u e  f o r  t h e  

a r b i t r a r y  p a r a a e t e r  de te rmining  whether an i n t e r s e c t i o n  o r  union  would 

be t a k e n  between a t e n t a t i v e  f e a t u r e  and t h e  p a t t e r n  w i t h  which i t  

s h a r e d  t h e  most e lements .  Six, nine ,  and t w e l v e  f e a t u r e s  were deter- 

mined i n  t h e s e  runs ,  i n  t h e  hope of e s t a b l i s h i n g  an e m p i r i c a l  r e l a t i o n -  

ship f o r  d e t e r m i n i n g  t h e  siee parameter .  

v a l u e s  i n  p a r e n t h e s e s  a re  minimum e r r o r s  produced by t h e  e x h a u e t i v e  

i t e r a t i v e  a l g o r i t h m ,  i n c l u d e d  here  for  comparison 

I n  t h e  fo l lowi t lg  t a b u l a t i o n ,  

;. I 

r *  

F e a t u r e s  S i z e  Parameter  
i' 2 , i, 

\ I  

6 6 
' 1  . 

. \  
I :  

, .  ,,... . . ,  . . .  
9 4 

T r a i n i n g  S e t  Errors 
T o t a l .  Average 

111 2.77 
(90) . (2.25) 

76 1.90 
(65) (1.63) 

74 ' 1.85 
(43) L ,  (1.08) 

T e s t i n g  S e t  Errors 
T o t a l  Average 

130 3.25 
(122) J (3.05) 

113 2.83 
(88) (2.20) 

90 2.25 
(81) (2.03) 

e ,  I 

The product  of t h e  number of f e a t u r e s  and t h e  optimum s i z e  

parameter, as determined  by t h e s e  data, i8 36 i n  each case, l e a d i n g  to  

a t e n t a t i v e - r e l a t i o n s h i p :  F-S.= ( x . +  l ) ; (y  + l),  where P is t h e  number 
, _ a  L 

- .  



of f e a t u r e s ,  S is t h e  s ize  parameter,  x and y a r e  t h e  l i n e a r  dimensions 

of t h e  r e t i n a .  

A f t e r  s e l e c t i o n  of t h e  t e n t a t i v e  f e a t u r e s ,  t h e  res t  of t h e  

p a t t e r n s  were c o n s i d e r e d  i n  t h e  o r d e r  i n  which t h e y  were read  i n t o  

memory. S i x  r u n s  were made t o  check s e n s i t i v i t y  t o  order of i n p u t ,  

w i t h  t h e  d a t a  card6  (one p e r  p a t t e r n )  s h u f f l e d  between r u n s .  Mean 

errors and root-mean-square d e v i a t i o n s  f o r  t h e s e  s i x  r u n s  were: 

T r a i n i n g  Se t  Errors I T e s t i n g  S e t  Errors 
T o t a l  Average T o t a l  Average 

Means 82.83 I . 2.07 113.33 2 .83  

RMS D e v i a t i o n  3.98 0.10 8.44 0.20 

Thus f o r  t h i s  p a t t e r n  Bet, t h e  o r d e r  of t h e  p a t t e r n s  is n o t  v e r y  i m -  

p o r t a n t .  

T h i s  a l g o r i t h m  w a s  not  very s u c c e s s f u l  w i t h  t h e  Alphanumeric 

o r  Seven-Feature  p a t t e r n  sets. In  t h e  fo l lowing ,  t h e  numbers i n  

p a r e n t h e s e s  are t h e  errors r e s u l t i n g  a f t e r  employing t h e  e x h a u s t i v e  

i t e r a t i v e  a l g o r i t h m  I n  tandem with t h e  f e a t u r e - d e t e c t i o n  algorithm 

under  examinat ion:  

1 )  1 ,  

P a t t e r n  S e t  F e a t u r e s  P a t t e r n  S e t  Errors 
T o t a l  Average 

Alphanumerl c 9 183 5.23 
(144) ( 4 . 1 1 )  

Seven-Fea t u r e  7 36 1.50 
(17) (0.71) 

( 

Numerous m o d i f i c a t i o n s  t o  t h i s  a l g o r i t h m  were made i n  t h e  

course of exper iments  w i t h  t h e  Alphanumeric P a t t e r n  S e t .  I t  appeared  

t h a t  t h e  l a r g e  p a t t e r n s  s e l e c t e d  as t e n t a t i v e  f e a t u r e s  might be too 

similar t o  p r o v i d e  t h e  b e s t  s t a r t i n g  set, BO various t e c h n i q u e s  were 

mpbyeiitn went p a t t e r n s  with too much o v e r l a p  from b e i n g  8 e l e c t e d  

ns i n i t i a l  t e n t a t i v e  features.  The most e u c c a e r f u l  of t h e s e  e l i m i n a t e d  

26 
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a p a t t e r n  from c o n s i d e r a t i o n  as a t e n t a t i v e  f e a t u r e  I f  more t h a n  t h r e e -  

q u a r t e r s  of  its e lements  were included i n  any previous ly-chosen  t e n t a t i v e  

f e a t u r e .  The number of t e n t a t i v e  f e a t u r e s  which had been chosen when 

t h e  p a t t e r n  se t  wao exhaus ted  became t h e  number of f i n a l  f e a t u r e s  de- 

* .  - t e rmined .  . I  

* \ 

Although e x h i b i t i n g  improved performance v i  t h  t h e  Alphanumeric 

p a t t e r n s ,  t h i s  version of t h e  a lgor i thm f a i l e d . c o m p l e t e l y  w i t h  t h e  o t h e r  

pat tern sets, 88 the' f o l l o w i n g  data show: 

. . I.',* .' . , ,  . L .e , .  ' I \  

P a t t e r n  Set . . FeatuFes Pa t t e rn  S e t  E r r o r s  
T o t a l  __ Average . 

- 2  1 * I .  . , ~  

Alphanumeric 8 167 4 . 7 7  
(136) - (3.89) 

. T r i a n g u l a r  . I  -'* - ! 2 '  ' 225 ' '  , . , 5.63 ( T r a i n i n g )  
226 5.65 ( T e s t i n g )  , 

Seven -Fea t u r  e 2 if2 7.17 

F a i l u r e  t o  perform with  t h e  T r i a n g u l a r  and Seven-Feature  , 
. . , .  _. 

p a t t e r n  sets i e  s imply due to  the f ac t  t h a t  a combinat ion of t w o  

p a t t e r n s ,  i n  each  case, inc luded  a l l  o r  n e a r l y  a l l  of t h e  e l e m e n t s  

c o n t a i n e d  i n  a l l  of t h e  o t h e r  p a t t e r n s  of t h e  s e t .  C l e a r l y ,  t h i s  

approach  t o  Improvement of t h e  a lgor i thm,  while reducing  errors for 

o n e  p a t t e r n  set, w a s  of no g e n e r a l  v a l u e .  

As Ins t rumented  o n  t h e  B5000, u n i o n s  and i n t e r s e c t i o n s  o f  

p a t t e r n s  can  be performed quick ly ,  and hence,  c h e a p l y .  Error e v a l u a -  

t i o n  w a s  n o t  involved  i n  t h e  process  of d e t e r m i n i n g  f e a t u r e s ,  so t h a t  

t h i s  somewhat time-consuming o p e r a t i o n  was r e q u i r e d  o n l y  f o r  f i n a l  

e v a l u a t i o n .  Run time f o r  t h e s e  a l g o r i t h m s  was much less t h a n  w i t h  any 

of t h e  i t e r a t i v e  t e c h n i q u e s .  

2 .  ' S i m p l i f i e d  I te ra t ive  Algorithm 

This t echnique ,  d e s c r i b e d  i n  g e n e r a l  terms i n  S e c .  111-A-2, 

vas I n v e s t i g a t e d  u s i n g  t h e  T r i a n g u l a r  P a t t e r n  Set and two set6 o f  

initial 'features. Four computer r u n s  (Runs '47, 48, 49, 30) e x p l o r e d  
' , I  < I ;'. * I  I I .  

< ,  . *  
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a wide range of  parameter va lues ,  

i n i t i a l  features c o n s i s t e n t l y  diverged;  i .e. ,  errors inc reased  w i t h  

success ive  i t e r a t i o n s .  I n  a l l  b u t  one case, d u p l i c a t e  f e a t u r e s  were 

Runs u t i l i z i n g  t h e  c l u s t e r  set of 

produced. The number of d i s t i n c t  f e a t u r e s  va r i ed  from t h r e e  t o  six, 

a l though n i n e  i n i t i a l  f e a t u r e s  were employed, In  none of  t h e s e  expe r i -  

menta could t h e  technique  be sa id  t o  converge.  

F a i l u r e  of t h i s  technique may be arcribed to t h e  f a c t  t h a t  

each fea ture  is cons idered  independently of a l l  o t h e r s  end evolved from 

i d e n t i c a l  ope ra t ions  u t i l i z i n g  t h e  same p a t t e r n  set .  There i o  no 

mechanism t o  guarantee  P' d i v e r s i t y  of f e a t u r e s  which would coope ra t e  

f o r  optimum recons t ruc t ion  of the  p a t t e r n s .  

3. The S e a u e n t i a l  A l i z o r i t h m  

-I This technique,  discussed i n  Sec.  111-A-3 ,  was i n v e s t i g a t e d  

w i t h  a l l  t h r e e  p a t t e r n  sets .  The parameter determining minimum f e a t u r e  

size w a s  va r i ed  from u n i t y  t o  f i v e  or six. T h i s  a lgor i thm determines 

t h e  number of f e a t u r e s ,  BO t h a t  only an upper l i m i t  on t h i s  number was 

e n t e r e d  i n t o  t h e  sys t em i n i t i a l l y .  
: '  

Performance on t h e  Seven-Feature P a t t e r n  S e t  w a s  as fo l lows:  . I . \  

S i z e  Parameter Features  P a t t e r n  S e t  E r r o r s  
T o t a l  Average ' 

1 14 0 
. ,, 

8 . *  
0 .oo 

' 2  14 15 0.63 
. I .  .' 

3 

4 

14 ' 18 0.75 

10 31 1.29 

5 6 43 1.79 

In  t h e  f i r s t  case, seven f e a t u r e s  adequate f o r  complete r e c o n s t r u c t i o n  

of t h e  p a t t e r n s  were found, along w i t h  an equa l  number of redundant 

f ragments .  I t  was d i sappo in t ing  t h a t ,  as t h e  s i z e  parameter  w a s  i n -  

creased, the  4 e ~ t ~ i e s  detem,ined weuld no lenger prcv ide  crrcr-free 

r econs t ruc t ion ,  s i n c e  it is known f o r  t h i s  se t  t h a t  seven f e a t u r e e ,  

none smaller than  f i v e  elements,  w i l l  s u f f i c e  f o r  p e r f e c t  r e c o n s t r u c t i o n .  
1 ,  

2 8  
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With t h e  T r i a n g u l a r  p a t t e r n s ,  a v a l u e  of u n i t y  f o r  t h e  s i z e  

pa rame te r  produced 25 single-element  " f e a t u r e s " - - t h e  25 r e t i n a l  e l e m e n t s .  

With t h e  s i z e  pa rame te r  as l a r g e  as  s i x ,  e l e v e n  f e a t u r e s  were being de- 

t e rmined ,  and t h e  error rate exceeded t h a t  of o t h e r  t e c h n i q u e s  f o r  n i n e  

f e a t u r e s .  

An uppe r  l i m i t  of  20 f e a t u r e s  was used I n  e x p e r i m e n t s  w i t h  t h e  

Alphanumeric P a t t e r n  S e t ,  and w i t h  t h e  minimum f e a t u r e - s i z e  pa rame te r  as 

large an five, 20 f e a t u r e s  w e r e  being determined. 

F e a t u r e s  found by t h i s  a l g o r i t h m  t ended  t o  be e q u a l  in s i z e  

or  o n l y  s l i g h t l y  l a r g e r  t h a n  the  minimum s ize  parameter. This t endency  

a p p a r e n t l y  r e s u l t e d  I n  t h e  d e t e r m i n a t i o n  o f  a number of f e a t u r e  frag- 

ments which were redundant  In t h e  r e c o n s t r u c t i o n  p r o c e s s .  
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IV coNcLus1oNs 

The basic premise upon which t h i s  i n v e s t i g a t i o n  w a s  based was t h e  

fo l lowing:  t h e  p i c t u r e s  of i n t e r e s t  t o  t h e  r e c i p i e n t s  can be adequate ly  

- approximated by t h e  supe rpos i t i on  of c e r t a i n  p a t t e r n s  c a l l e d  f e a t u r e s ,  

t h e  number of f e a t u r e s  being s i g n i f i c a n t l y  smaller than t h e  number of 

r e t i n a l  cells .  If t h i e  premise is v a l i d ,  i t s  e x p l o i t a t i o n  f o r  bandwidth 

compression r e q u i r e s  a p r a c t i c a l  procedure f o r  determining s u i t a b l e  

f e a t u r e s  from a r e p r e s e n t a t i v e  s e t  of p a t t e r n s ,  and f o r  d e t e c t i n g  t h e i r  

presence or absence i n  any given p a t t e r n .  Accordingly,  t h i e  s tudy  w a s  

devoted t o  f i n d i n g  and eva lua t ing  such procedures .  

The r e s u l t s  of t h i s  research were l a r g e l y  nega t ive .  Although t h e  

experiments  performed were l imi ted  t o  p a t t e r n s  on very small r e t i n a s ,  

making it d i f f i c u l t  t o  draw firm conclus ions  about t h e  q u a l i t y  o f  per-  

fornonce, t h e  fo l lowing  observa t ions  can be made: . * *  

. , I  L (1) The only  a lgor i thm found t h a t  achieved uniformly \ .  
good r e s u l t s  on a v a r i e t y  of p a t t e r n  sets was t h e  1 .  

. ) '  J exhaus t ive  i t e r a t i v e  a lgor i thm.  However, even t h i s  . . ,. . 
a lgor i thm d i d  not  always de te rmine  a minimum-error 

f e a t u r e  s e t ;  f o r  example, d i f f e r e n t  l i m i t i n g  e r r o r s  

were ob ta ined  when d i f f e r e n t  i n i t i a l  f e a t u r e s  were 

used.  
I . .  

(2) The amount of computation r equ i r ed  by t h e  exhaus t ive  

' i t e r a t i v e  a lgor i thm l i m i t s  i t s  u s e  t o  small r e t inas .  i 

. -  Simpler  a lgor i thms,  i n v e s t i g a t e d  i n  t h e  hope of  

minimizing computation t i m e ,  r e s u l t e d  i n  h i g h e r  1 

e r r o r  rates. None performed s u f f i c i e n t l y  w e l l  on 

~ a v a r i e t y  of p a t t e r n  sets  t o  warran t  experiments  . ,, 
?. 1 * .  I. 

6 

us ing  large r e t i n a s .  

. I  

( t  '(3) Qf ths elm-pler aIgor i thmsrs tudied ,  two t echn iques  , t  7 , 

based on t a k i n g  i n t e r s e c t i o n s  and/or  unions of t h e  . . ; 



t r a i n i n g  p a t t e r n s  might merit f u r t h e r  i n v e s t i g a t i o n  

for s p e c i f i c  a p p l i c a t i o n s .  Each would r e q u i r e  

m o d i f i c a t i o n  and s p e c i a l i z a t i o n  t o  t h e  a p p l i c a t i o n  

a t  hand.  

These  r e s u l t s  n e i t h e r  prove no r  d i s p r o v e  t h e  premise t h a t  f e a t u r e  

d e t e c t i o n  is a p o t e n t i a l i y  u s e f u l  bandwidth-compression t e c h n i q u e .  How- 

e v e r ,  none of  t h e  a l g o r i t h m s  proposed f o r  f e a t u r e  d e t e r m i n a t i o n  was 

found s a t i s f a c t o r y .  &!weover, t h e  r e s u l t s  give l i t t l e  i n d i c a t i o n  of 

how b e t t e r  a l g o r i t h m s  might be developed. I n  t h e  absence  of such i n -  

format ion ,  i t  is recommehded t h a t  t h e  s t u d y  of f e a t u r e  d e t e c t i o n  f o r  

bandwidth compression be t e r m i n a t e d .  

I n  conclus ion ,  t h e  a u t h o r s  would l i k e  t o  make some o b s e r v a t i o n s  

which are n o t  d i r e c t l y  related t o  t h e  r e s u l t s  of  t h i s  i n v e s t i g a t i o n ,  b u t  

which n e v e r t h e l e s s  seem p e r t i n e n t  t o  t h i s  s t u d y .  T e l e v i s i o n  or f a c s i m i l e  

t ransmiss ion  of monochrome p i c t u r e s  g e n e r a l l y  treats each r e s o l v a b l e  

element of each and every  p i c t u r e  as an  independent  b r i g h t n e s s  e l e m e n t .  

Any hope for cornpression of the bandwidth-time-power product  i n  t h e  

t r a n s m i s s i o n  of  a series of such p i c t u r e s  must be based on some hypo- 

t h e s i z e d  or e s t a b l i s h e d  p r o p e r t y  ( o r  p r o p e r t i e s )  of t h e  i n p u t  p i c t u r e s ,  

or  on some r e s t r i c t i o n  on the in format ion  r e q u i r e d  a t  t h e  r e c e i v i n g  

s t a t ion .  

I n  t e l e v i s i o n  t r a n s m i s s i o n ,  i f  s u c c e s s i v e  frames are h i g h l y  

c o r r e l a t e d  and i f  p r e c i s e  reproduct ion  of i n d i v i d u a l  f rames i s  n o t  re- 

q u i r e d ,  frame-to-frame redundancy may be e x p l o i t e d  for  bandwidth com- 

p r e s s i o n .  T h i s  is e s s e n t i a l l y  a t ime-bandwidth t r a d e - o f f .  Such t e c h -  

n i q u e s  might be u s e f u l  f o r  real-time m o n i t o r i n g  of s o f t  l a n d i n g s  or 

remote guidance  of s l o w l y  moving v e h i c l e s .  I n s t r u m e n t a t i o n  may be ex- 

p e c t e d  t o  be q u i t e  complex. 

Where i n d i v i d u a l  f rames are not h i g h l y  correlated, a s  i n  t h e  case 

of programmed snap-shot photography from a fast-moving v e h i c l e ,  each  

~ ~ ~ L U A U  iiiuet be .wiisiGared independaiitly. .The p e t i i b i l i t j i  of h i i d w i d t h  

compress ion- in  such cases depends n o t  so much on t h e  n a t u r e  of an 

- 4  -.*.--- 
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i n d i v i d u a l  p i c t u r e  a8 on t h e  s t a t i s t i c s  of  t h e  ensemble of p o s s i b l e  

p i c t u r e s  and t h e  d e g r e e  o f  d e t a i l  impor tan t  t o  t h e  r e c i p i e n t .  

A t  one  extreme lies t h e  case where a l l  p o s s i b l e  p a t t e r n s  o b t a i n e d  

w i t h  t h e  f u l l  r e s o l u t i o n  c a p a b i l i t y  of  t h e  camera are e q u a l l y  probable ,  

and a l l  d e t a i l  ie of interest i n  a n a l y s i s  of  t h e  p i c t u r e .  B x p l o r a t i o n  

o f  unknown t e r r a i n ,  where a p r i o r i  i n f o r m a t i o n  i s  minimal,  would a p p e a r  

t o  be a n  example of t h i e  sort'. 

l i t t l e  hope f o r  bandwidth compression unless the r e c i p i e n t  1s w l i l l n g  

to se t t le  for sometbing less 'than f u l l  r e s o l u t i o n ,  f u l l  g r a y  scale, or 

f u l l  p i c t u r e  area. 

- 
I n  such  cases t h e r e  would a p p e a r  to be 

A t  t h e  o t h e r  extreme lies t h e  case where t h e  i n p u t  p a t t e r n  set i s  

l imi ted  to  a r e l a t i v e l y  small number of p a t t e r n s ,  Qr  t h e  r e c i p i e n t ' s  re- 

qui rement  f o r  i n f o r m a t i o n  i s  l i m i t e d  to  p a t t e r n  c l a s s i f L c a t i o n s .  For 

example, t h e  t r a n s m i s s i o n  of alphanumeric p a t t e r n s  o n l y  r e q u i r e s  t r a n s -  

m i t t i n g  an i d e n t i f y i n g  code word i f  p a t t e r n - r e c o g n i t i o n  c a p a b i l i t y  1s 

a v a i l a b l e  a t  t h e  t r a n s m i t t e r .  Whenever c l a s s i f i c a t i o n  i n t o  a r e l a t i v e l y  

f e w  c a t e g o r i e s  s u p p l i e s  the required i n f o r m a t i o n ,  p a t t e r n  r e c o g n i t i o n  

o f f e r 8  an  e f f e c t i v e  means of reducing bandwidth.  F e a t u r e  d e t e c t i o n  may 

p l a y  a much more v a l u a b l e  role i n  such a p p l i c a t i o n s .  1 

Between t h e  two extremes undoubtedly l i e  many c a s e s  of i n t e r e s t  

i n  which e i t h e r  t h e  i n p u t  p i c t u r e  set is somehow r e s t r i c t e d  or t h e  re- 

c i p i e n t ' s  i n f o r m a t i o n  requirement  is  such t h a t  p r e c i s e  r e p r o d u c t i o n  of 

t h e  i n p u t  p i c t u r e  i s  n o t  required.  Most probably ,  e f f i c i e n t  t r a n s m i s s i o n  

w i l l  be achieved  i n  most of t h e s e  cases by employing s p e c i a l i z e d  t e c h -  

n i q u e s  t h a t  depend on t h e  s p e c i f i c  r e s t r i c t i o n s  on t h e  i n p u t  p a t t e r n  set 

o r  on t h e  d e t a i l e d  n a t u r e  of t h e  i n f o r m a t i o n  t h a t  is t o  b e  a b s t r a c t e d  

from t h e  t r a n s m i t t e d  s i g n a l .  

s i m p l e  r e d u c t i o n  of  r e s o l u t i o n  for low-detai  1 p i c t u r e s  t o  s o p h i s t i c a t e d  

schemes f o r  p a t t e r n  r e c o g n i t i o n .  I t  is t h u s  d i f f i c u l t  t o  g e n e r a l i z e  

a b o u t  t h e  many bandwidth-compression p o s s i b i l i t i e s  a p p l i c a b l e  to  s p e c i a l  

c i r c u m s t a n c e s .  T h e i r  c h a r a c t e r i s t i c s  and t h e i r  e f f e c t i v e n e s s  w i l l  de- 

pend on t h e  e p e c i i i c a  of  each i n f o r m a t i o n - t r a n s f e r  problem. 

Techniques may range a l l  t h e  way from 

I 
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The g e n e r a l  problem is n o t  being n e g l e c t e d ,  however. C o n s i d e r a b l e  

m o t i v a t i o n  for  p u r s u i n g  more-or-less g e n e r a l  approaches  t o  bandwidth 

compression stems f r o m  t h e  i n t u i t i v e  n o t i o n  t h a t  p i c t u r e s  t h a t  "make 

sense"  must fonn a restricted set, t h a t  t h e  g r e a t  p e r c e n t a g e  of " a l l  

p o s s i b l e "  p i c t u r e s  must be s e n s e l e s s  n o i s e  p a t t e r n s  and, as such,  s h o u l d  

no t  occur w i t h  great f requency  when one  looks a t  s t r u c t u r e s  created by 

t h e  o r g a n i z e d  p r o c e s s e s  of man or n a t u r e .  T h i s  is an  e n t i r e l y  r e a s o n a b l e  

p o i n t  of view. T h i s  premise leads t o  a s e a r c h  f o r  p r o p e r t i e s  t h a t  

d i f f e r  s i g n i f i c a n t l y  between p i c t u r e s  t h a t  "make sense"  and t h o s e  t h a t  

do n o t ,  p r o p e r t i e s  t h a t  can be measured, manipula ted ,  and e x p l o i t e d  for 

t r a n s m i s s i o n  economy by a v a i l a b l e  technology.  T h i s  s e a r c h  h a s  been under  

way fo r  a number of y e a r s  and i s  s t i l l  an  a c t i v e  area of i n v e s t i g a t i o n .  

. To date, l i m i t e d  s u c c e s s  h a s  been achieved, '  b u t '  r e s u l t s  are w e l l  s h o r t  

o f  t h e  hopes of t h e  i n v e s t i g a t o r s .  

"Run-Length Coding" may be c i t e d  as an  example of l imi t ed  s u c c e s s  

i n  f i n d i n g  a s t a t i s t i ca l  parameter  t h a t  can be e x p l o i t e d ,  f a i r l y  

g e n e r a l l y ,  f o r  bandwidth compression i n  t e l e v i s i o n  o r  f a c s i m i l e  t r a n s -  

m i s s i o n .  S c h r e i b e r  and Knapp' have demonstrated t h a t  f o r  a wide  range  

of p i c t o r i a l  material t h e  t r a n s m i s s i o n  of a black-and-white p i c t u r e  

(or t h e  most s i g n i f i c a n t  d i g i t  of a PCM-coded h a l f - t o n e  p i c t u r e )  can 

b e  achieved  w i t h  a bandwidth compression of  about  four t o  one by t r a n s -  

m i t t i n g  d i g i t a l l y - e n c o d e d  run l e n g t h s  ( i .e . ,  d i s t a n c e s  between black- 

w h i t e  or white-black t r a n s i t i o n s ) .  T h i s  work was done i n  o n e  dimension,  

a l o n g  s c a n n i n g  l i n e s  of a T V  r a s t e r .  E f f o r t  i s  under  way to  e x t e n d  t h i s  

concept  t o  two dimensions.  

Run-length coding e x p l o i t s  a p a r t i c u l a r  s t a t i s t i c a l  p r o p e r t y  of 

p i c t u r e s  t h a t  make s e n s e .  The ensemble of a l l  p o s s i b l e "  p i c t u r e s  

may be c o n s i d e r e d  a8 t h e  o u t p u t  of a random-noise g e n e r a t o r  spewing 

o u t  a stream of independent  black and w h i t e  p i c t u r e  e l e m e n t s .  The 

p r o b a b i l i t y  of a r u n  o f Y s u c c e s s i v e  b l a c k  o r  s u c c e s s i v e  w h i t e  e lement8 

i n  a TV l i n e  of s p e c i f i e d  length,  as produced by t h i s  random g e n e r a t o r ,  

is a r a p i a i y - d e c r e e s l a g  Sunctiot oi t h s  le~gth a f  the NE. Success of 

run- length  coding  i o  d i rect  ev idence  t h a t  i n  p i c t u r e s  w i t h  s u f f i c i e n t  

1 1  *I I t  

, 
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o r g a n i z a t i o n  t o  be meaningful,  t h e  run- length  d i s t r i b u t i o n  d i f fe rs  from 

t h a t  of t h e  r a n d o w e l a n e n t  g e n e r a t o r .  I t  i s  t h i s  s t a t i s t i c a l  d i f f e r e n c e  

t h a t  makes p o s s i b l e  a bandwidth s a v i n g .  

Any s o l u t i o n  to  t h e  g e n e r a l  problem of bandwidth compression f o r  

t h e  t r a n s m i s s i o n  of p i c t u r e s ,  where a r e a s o n a b l y - p r e c i s e  r e p r o d u c t i o n  

of t h e  i n p u t  is r e q u i r e d ,  must e x p l o i t  some such  s t a t i s t i c a l  p r o p e r t y ,  

e i t h e r  e x p l i c i t l y  o r  i m p l i c i t l y .  S i n c e  a n  e n d l e s s  number of s t a t i s t i c a l  

iileasiires cia be iiivented, t h e  hope r m a i n r  t h a t  t e c h n i q u e s  can be found 

f o r  s i g n i f i c a n t  compression of t h e  bandwidth-time-power product  i n  t h e  

transmission of  pictures’. 

Whatever t e c h n i q u e s  become a v a i l a b l e  i n  t h e  f u t u r e ,  c e r t a i n  basic 

p r i n c i p l e s  w i l l  always be t r u e .  These  p r i n c i p l e s  are  c e n t r a l  t o  t h e  

s o l u t i o n  of  s p e c i f i c  problems w i t h i n  t h e  l i m i t a t i o n s  of c u r r e n t l y  ava i l -  

a b l e  technology as w e l l  a s  to an a t tack on t h e  g e n e r a l  problem. What- 

s v e r  t h e  d e t a i l e d  t e c h n i q u e  appl ied ,  bandwidth eccnowy i n  p i c t u r e  

t r a n s m i s s i o n  w i l l  be achieved  most e f f e c t i v e l y  b y  (1) making t h e  best 

p o s s i b l e  use of a l l  a v a i l a b l e  a p r i o r i  i n f o r m a t i o n ,  (2) t r a n s m i t t i n g  

o n l y  t h a t  i n f o r m a t i o n  r e q u i r e d  i n  t h e  subsequent  a n a l y s i s  of t h e  p i c -  

t u r e s ,  and (3) e x p l o i t i n g  whatever s ta t i s t ica l  p r o p e r t l e s  may be common 

t o  t h e  class of meaningful  p i c t u r e s .  

- 
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APPWDIX A 

COMPUTER PROGRAMS FOR EXPERIMENTS ON 

FEATURE DEI’ERMINATION AND PATTERN RECONSTITUTION 

Two features a v a i l a b l e  through Extended A l g o l  on t h e  Burroughs 

B5000 computer make t h i e  machine p a r t i c u l a r l y  a t t r a c t i v e  f o r  t h e  mani- 

p u l a t i o n  of b i n a r y  p a t t e r n s .  

of up to  47 logical v a l u e s  p e r  computer word and p r o v i d e s  t h e  mean8 f o r  

modifying such words b i t  by  b i t .  Logical o p e r a t i o n s  on t h e s e  words 

o p e r a t e  on  a l l  b i t e  i n  p a r a l l e l ,  f a c i l i t a t i n g  r a p i d  c o n s t r u c t i o n  of 

i n t e r s e c t i o n s  and unions  of p a t t e r n s .  

P a r t i a l  word a d d r e s s i n g  p e r m i t s  t h e  packing 

The a t t r a c t i v e n e s s  of t h e s e  f e a t u r e s  and t h e  a v a i l a b i l i t y  of f r e e  

t i m e  on t h e  S t a n f o r d  U n i v e r s i t y  machine d u r i n g  i t s  checkout  p e r i o d  pro- 

vided impetus  f o r  t h e  programming of a number of exper iments  on f e a t u r e  

d e t e r m i n a t i o n  and p a t t e r n  r e c o n s t i t u t i o n  u s i n g  t h e  B5000. E f f i c i e n c y  

of t h e  machine and i t s  programming language were demonst ra ted  e a r l y  i n  

t h e s e  exper iments  by running a problem which e s s e n t i a l l y  d u p l i c a t e d  a 

p r e v i o u s  problem programmed i n  Balgol  and run on t h e  IBM 7090. Although 

t h e  B5000 is basical ly  slower than t h e  7090 by a f a c t o r  of t w o  or more, 

a problem i n  which 25-element p a t t e r n s  were manipula ted  as s i n g l e  words 

i n  t h e  Burroughs machine r a n  in about o n e - s i x t h  t h e  t i m e  required by 

t h e  7090. 

Extended Algol  on t h e  Burroughs B5000 proved to be a very  con- 

v e n i e n t  and f l e x i b l e  language f o r  programming t h e s e  exper iments .  All 

of t h e  runs  r e p o r t e d  were made w i t h i n  t h e  framework of a s i n g l e  b a s i c  

program. Q u a n t i t i e s  which v a r i e d  from experiment  t o  experiment ,  such as  

r e t i n a l  s i z e  (25 or 35 elements) ,  numbers of  p a t t e r n s  i n  t h e  t r a i n i n g  

and testing sets, number of f e a t u r e s  to  be sought ,  and t h e  numbers o f  

i t e r a t i o n s  to be perfonned,  were e n t e r e d  as d a t a  from a s i n g l e  c a r d  a t  

the heod of the datu ‘decic. Tnese d a t a  e s t a b i l e h e d  a r r a y  s i z e s  and 

c o n t r o l l e d  all r e p e t i t i v e  o p e r a t i o n s ,  u t i l i z i n g  t h e  computer e f f i c i e n t l y  

, 

1 ,  .! 1 
> :  + I  I - I  . 4 * .  
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f o r  e i t h e r  large or small problems. 

of t h e  B5000, several d P t a  decks c o u l d  be s t a c k e d  t o  e x e c u t e  s e p a r a t e  

exper iments  i n  a s i n g l e  run, and e a c h  experiment  would run  as  e f f i c i e n t l y  

as i f  s e p a r a t e l y  programmed. 

With t h e  dynamic s t o r a g e  a l l o c a t i o n  

One-dimensional arrays of computer words s e r v e d  a s  two-dimensional 

a r r a y s  of b i n a r y  e lements  for storage of  I n p u t  and r e c o n s t r u c t e d  p a t t e r n s ,  

f e a t u r e s ,  composi t ion mat r ix ,  and a n  error m a t r i x .  A s i n g l e  i n p u t  pro- 

c e d u r e  s e r v e d  t o  read t h e s e  d a t a  (one p a t t e r n ,  feature, or  m a t r i x  m w  

p e r  c a r d )  and pack t h e  e lements  i n t o  computer words.  Another p r o c e d u r e  

r e v e r s e d  t h i s  p r o c e s s  and p r i n t e d  o u t  t h e  p a t t e r n s ,  f e a t u r e s ,  or matrices 

as r e q u i r e d .  

O p e r a t i o n s  which were repea ted  o n  demand by t h e  v a r i o u s  algorithms, 

such  as p a t t e r n  r e c o n e t r u c t i o n ,  e r ror  e v a l u a t i o n ,  summing of columns o r  

rows of t h e  v a r i o u s  matrices, e t c . ,  were w r i t t e n  as s e p a r a t e  p r o c e d u r e s .  

S i n c e  some of these procedures  were called as  many a s  20,000 times i n  a 

g i v e n  experiment  ( e x h a u s t i v e  i t e r a t i v e  a l g o r i t h m ) ,  t h e y  were w r i t t e n  t o  

a c h i e v e  as e f f i c i e n t  e x e c u t i o n  as  p o s s i b l e .  The l i b r a r y  of such pro- 

c e d u r e s  may be viewed as a sub-language i n  which t h e  v a r i o u s  a l g o r i t h m s  

were programmed. For i n s t a n c e ,  t h e  s i n g l e  word "RECON" would c a l l  a 

procedure  which r e c o n s t r u c t e d  t h e  Xth p a t t e r n ,  and t h e  one-word s t a t e -  

ment 

compare them w i t h  t h e i r  i n p u t  p a t t e r n s ,  and compute, store, and p r i n t  

o u t  t h e  p a t t e r n  errors. 

I t  ERROR( 1 , M ) "  would r e c o n s t r u c t  t h e  f i r s t  M p a t t e r n s  ( u s i n g  "RECON"), 

Programming of t h e  f e a t u r e - d e t e c t i o n  a l g o r i t h m s  was s i m p l i f i e d  and 

s h o r t e n e d  by the u s e  of t h i s  sub-language of o f t e n - r e p e a t e d  p r o c e d u r e s .  

The f i n a l  t e c h n i q u e  programmed, for  i n s t a n c e ,  t h e  " S e q u e n t i a l  Algorithm," 

r e q u i r e d  t h e  keypunching of o n l y  22 a d d i t i o n a l  c a r d s  t o  b e  i n s e r t e d  i n -  

to  t h e  master deck.  A 8  a consequence, r e s u l t s  of t h e  f i rs t  experiment  

on t h i s  a l g o r i t h m  were a v a i l a b l e  on  t h e  day f o l l o w i n g  t h e  d e c i s i o n  to  

program it .  
, *  

The s e v e r a l  algorithms were w r i t t e n  as p r o c e d u r e s  which c o u l d  be 

, added t o  o r  removed from t h e  basic program deck as d e s i r e d .  

s e t t i n g  up a n  experiment  involved selecting t h e  procedures  to be used ,  

Thus, . ,  



a r rang ing  t h e  a p p r o p r i a t e  set  of procedure c a l l  cards, and assembling 

one  or more data decks.  I t  was a s imple  matter to f i n d  a set of 

f e a t u r e s  by one of t h e  s impler  a lgori thms,  assess t he i r  performance 

i n  r e c o n s t r u c t i n g  t h e  p a t t e r n  set ,  and then employ them as i n i t i a l  

features wi th  t h e  exhaus t ive  I t e r a t i v e  algori thm, a l l  i n  a s i n g l e  

experiment.  

Mul t ip l e  experiments I n  which s e v e r a l  va lues  of a parameter w e r e  

employed i n  a given algorithm, with the same i n p u t  p a t t e r n s ,  w e r e  

accomplished by s h o r t  loops around those  procedure calls r equ i r ed  t o  

r epea t  t h e  a lgor i thm and eva lua te  i t s  performance. Runs invo lv ing  

d i f f e r e n t  p a t t e r n  e e t e  employed a loop around t h e  whole program so 

t h a t  a r r a y s  of t h e  proper  sizes could be r ede f ined .  
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APPENDXX B 

SUAWARY OF CQMPUTGR RUNS 

The computer run8 a r e  summarized i n  Table  B- I .  Information in t he  

t a b l e  ie ampl i f i ed  i n  t h e  succeeding pageo. 

Run numbers were nsslgned chronclogieo l ly .  Some runs a r e  r epor t ed  

o u t  of t h e i r  chronologica l  order  in t h e  fo l lowing  summary, where t h e  

informat ion  they provided was c l o s e l y  r e l a t e d  t o  or helped to i n t e r p r e t  

runs  made a t  an  e a r l i e r  t i m e .  

a .  I W  7090 Runs - Exhaustive I t e r a t i v e  Algorithm 

Completed i n  t h e  f i r s t  ha l f  of t h i s  p r o j e c t ,  t h e s e  runs served  

as t h e  impetus and take-off  po in t  f o r  work i n  t h e  second h a l f .  

The Tr i angu la r  P a t t e r n  S e t  was u t i l i z e d  in a l l  of t h e s e  

experiments, div ided  i n t o  two s u b s e t s  of 4 0  p a t t e r n s  each. A n  a r b i t r m r y  

set of f e a t u r e s  and a randomly-produced composition mat r ix  were en te red  

a8  i n p u t s .  Composition mat r ix  and f e a t u r e s  were i t e r a t i v e l y  modif ied,  

element by e lement ,  using t h e  rule t h a t  if t h e  error were i n s e n s i t i v e  to  

a g iven  e lement ,  t he  va lue  of tha t  element was reversed. 

6 Features  

Tra in ing  p a t t e r n  e r r o r s ,  90 b i t s  t o t a l ,  2 . 2 5  b i t s  average  

Tes t ing  p a t t e r n  errors, 122 b i t e  t o t a l ,  3.05 b i t s  average  

9 Features  

Tra in ing  p a t t e r n  e r r o r s ,  66 b i t s  t o t a l ,  1.65 b i t s  average  

Tes t ing  p a t t e r n  errors, 104 b i t 8  t o t a l ,  2.60  b i t s  average  

12 Features  

Tra in ing  p a t t e r n  e r r o r s ,  43 b i t 8  to ta l ,  1.08 b i t s  average  

Testing p a t t e r n  errors, El b i t e  t o t a l ,  2.03 b i t 8  average .  
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b. BSOOO Runs - Checkout of Programming Techniques 
Run 9 -- Checkout patterns. Demonstrated procedures for 

packing the patterns into word8, reconstructing patterns from features ,  

and printing but the patterns (one-line-per-pattern format). 

Run 13 -- Cheokout patterns. Demonstrated procedure for 

modification of the ColnpOtJitiOn matrix. 

Run 16 -- Checkout patterns. Full program utilizing both 

composition matrix and feature modification in training set, followed 

by composition matrix modification only for teeting set. Statue quo 

maintained i f  error not reduced by altering a composition-matrix element 

or feature element. Failed to produce perfect reconstitution. (N.B. 
Checkout patterns (14) made up of three vertical and three horizontal 

bars. S t %  features adequate for perfect reconstitution.) 

Run 23 -- Checkout -- patterns. Same as Run 16 except that where 

the error wa8 insensitive to a given matrix or feature element, that 
element was included on odd-numbered iterations. Produced perfect 

reconstruction of both training and testing patterns. (Eight training 

and six testing.) 

R u n  20 -- Checkout patterns. Same as R u n s  16 and 22 except 

that where the error was insensitive to a given matrix or feature 

element, that element was included if previously omitted or omitted if 

previously included. Produced perfect reconstruction of both training 

and testing patterns. 

c. 85000 R u n e  - Exhaustive Iterative Algorithm 

Run 17 -- Trlanplar Patterns, Nilsson's initial features and 

conposition matrix. Iterative modification of composition 

matrix and features for training set. Iterative modification of compo- 

- sition matrix only for testing set. If error insensitive to an element 

of conpsition matrix or feature, that element wa8 left unchanged. 

' 9 Featurea ' ' ' 

( ' I  

Training pattern errora, 126 b i t 8  total, 3.15 bite average 

Testing pattern errore, 175 ' b i t e  total,' 4.38 b;tB overage 
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Resu l t s  us ing  t h i s  rule a r e  c l e a r l y  i n f e r i o r  t o  those  obta ined  for n i n e  

f e a t u r e s  i n  t h e  7090 runs .  

Run 23 -- Tr iangu la r  P a t t e r n s ,  e t c . ,  a s  i n  Run 17. Except 

t h a t  where t h e  e r r o r  was i n s e n s i t i v e  t o  a g iven  element ,  t h a t  element 

was included on odd-numbered i t e r a t i o n s  and omit ted on even-numbered 

i t e r a t i o n s .  

9 Features  

Tra in ing  p a t t e r n  errors, 77 b i t s  t o t a l ,  1 . 9 3  b i t s  average  

Tee t ing  p a t t e r n  e r r o r s ,  116 b i t 8  t o t a l ,  2.90 b i t s  average  

Resu l t s  much b e t t e r  than g iven  by " s t a t u s  quo" r u l e  (617) but  still  

i n f e r i o r  t o  those  obtained in the  7090 run. 
. t  

Run 21 -- Tr iangu la r  P a t t e r n s ,  e t c . ,  a 8  in Runs 17 and 23. 

Except t h a t  where t h e  e r r o r  was i n s e n s i t i v e  t o  a given element ,  i ts  

v a l u e  was changed. Th i s  is t h e  s a i e  a lgc r i thm end t h e  same r a l e  used 

i n  t h e  7090 run .  

9 Features  

Tra in ing  p a t t e r n  e r r o r s ,  66 b i t s  t o t a l ,  1.65 b i t s  average 

Tes t ing  p a t t e r n  e r r o r s ,  104 b i t s  t o t a l ,  2 . 6 0  b i t s  average  

F i n a l  r e s u l t s  i d e n t i c a l  wi th  those ob ta ined  on t h e  7090. I n i t i a l  f e a t u r e s  

averaged 7.32 element$ p e r  f e a t u r e ;  f i n a l  f e a t u r e s  averaged 6.0 elements  

p e r  f e a t u r e .  Minimum error f o r  t r a i n i n g  s e t  achieved on 1 0 t h  i t e r a t i o n .  

Run t i m e  on BSOOO was about 3 minutes, as compared w i t h  30 minutes on 

t h e  7090. 

During a l l  subsequent runs, the  r u l e  used for modif ica t ion  of t h e  

composition ma t r ix  and f e a t u r e  elements was t o  change t h e  va lues  of 

. t h o s e  elements to  which t h e  e r r o r  was i n s e n s i t i v e .  

Run 24 -- Tr iangu la r  P a t t e r n s ,  C l u s t e r  f e a t u r e  i n p u t .  Compo- 

s i t i o n  matrix i n i t i a l l y  empty. I n i t i a l  f e a t u r e s  were three-element  

clusters, so t h i t  nine ccrvared the retina wi th  only  two elements  of 

o v e r l a p .  Composition matrix and f e a t u r e s  modified i t e r a t i v e l y  f o r  

t r a i n i n g  set. Only composition matrix modified for t e e t i n g  a e t .  
c , .  , , ( 0  , *  , ' . )  , 

so 



9 F e a t u r e s  

T r a i n i n g  p a t t e r n  e r r o r s ,  66 b i t s  t o t a l ,  1 . 6 5  b i t s  a v e r a g e  

T e s t i n g  p a t t e r n  e r r o r s ,  86 b i t s  t o t a l ,  2 . 1 5  b i t s  a v e r a g e  

T o t a l  error  on t r a i n i n g  set same a s  w i t h  N i l s s o n ' s  i n i t i a l  f e a t u r e s .  

Errors on t e s t i n g  set c o n s i d e r a b l y  smaller. I n i t i a l  f e a t u r e s  were a l l  

th ree-e lement  c l u s t e r s ;  f i n a l  f e a t u r e s  averaged  4 . 0  e lements  p e r  

f e a t u r e  -- 2/3 a s  l a r g e  as when s t a r t i n g  w i t h  N i l s s o n ' s  f e a t u r e s .  

Min1,mun error f o r  t r a i n i n g  set achieved on 5 t h  i t e r a t i o n  -- hal f  as 

many i t e r a t i o n s  a s  r e q u i r e d  w i t h  random i n i t i a l  f e a t u r e s  and cornposl t ion 

m a t r i x .  There were only 81 b i t s  t o t a l  error f o r  t h e  t r a i n i n g  set on the 

f i r s t  i t e r a t i o n ,  b e f o r e  f e a t u r e  m o d i f i c a t i o n .  

N.B .  C l u s t e r  f e a t u r e s  a r e  somewhat matched t o  t h e  t r i a n g u l a r  

p a t t e r n s ,  and t h e i r  employment cor responds  roughly t o  a r e d u c t i o n  i n  

r e s o l u t i o n .  S m a l l e r  f e a t u r e s  appear  t o  be f a v o r a b l e  w i t h  regard  t o  

minimiz ing  errors in t h e  t e s t i n g  s e t .  

Run 59 -- T r i a n g u l a r  P a t t e r n s ,  Cluster F e a t u r e  i n p u t .  Compo- 

s i t i o n  m a t r i x  i n i t i a l l y  empty. F e a t u r e s  c o n s i s t e d  of e i g h t  t h r e e -  

e lement  c l u s t e r s  and one s i n g l e  element ( c e n t e r  of 5 x 5 a r r a y )  so 

t h a t  there was no o v e r l a p p i n g .  The f e a t u r e  s e t  w a s  n o t  modi f ied .  

Composition m a t r i x  was determined by t h e  a l g o r i t h m  p r e v i o u s l y  used fcr 

m o d i f i c a t i o n .  S i n c e  t h e  f e a t u r e s  do n o t  o v e r l a p ,  i t e r a t i o n  would s e r v e  

no  purpose.  

9 F e a t u r e s  

E r r o r s  i n  1st 40 p a t t e r n s ,  76 b i t s  t o t a l ,  1.90 b i t s  a v e r a g e  

Errors i n  2nd 40 p a t t e r n s ,  88 b i t s  t o t a l ,  2 . 2 0  b i t s  a v e r a g e  

The two sets of  p a t t e r n s  were those i d e n t i f i e d  a s  t r a i n i n g  and t e s t i n g  

p a t t e r n s  elsewhere, but  s i n c e  no t r a i n i n g  took p l a c e  i n  t h i s  r u n ,  u s e  

of t h o s e  l a b e l s  h e r e  would be mis leading .  Each p a t t e r n  of each  set is 

t r e a t e d  independent ly  i n  t h e  same way; hence ,  the lower error a c h i e v e d  

f o r  t h e  1st 40 p a t t e r n 8  ( t r a i n i n g  s e t )  must be a t t r i b u t e d  t o  chance i n  

the d i v i s i o n  of t h e  a r b i t r o r l l y  ordered deck, ' 

, - 1  1 . 1  * I 



Lumping a l l  80 p a t t e r n s  toge the r ,  

Errors in 80 p a t t e r n s ,  164 b i t s  t o t a l ,  2.05 b i t s  average.  

P a t t e r n  errors were d i s t r i b u t e d  a s  follows: 

8 p a t t e r n s  had 0 e r r o r  
4 L  - , .  . .  

16 p a t t e r n s  had 1 e r r o r  each 

20 p a t t e r n s  had 3 errors each 

36 p a t t e r n s  had 3 errors each 

0 p a t t e r n s  had more than 3 errors. 

The s o l i d ,  t r i a n g u l a r  shapes of t hese  p a t t e r n s  con ta in  l i t t l e  s t r u c t u r e ;  

t h e r e f o r e ,  i t  is  not s u r p r i s i n g  t h a t  s imple  r educ t ion  of r e s o l u t i o n  seems 

t o  be about as e f f e c t i v e  a bandwidth-compression technique  a s  more 

s o p h i s t i c a t e d  schemes f o r  f e a t u r e  de te rmina t ion .  

d .  BSOOO Runs -- I n t e r s e c t i o n s  and Unions of P a t t e r n s  

Run 25 -- Tr iangu la r  Pa t t e rns .  T h i s  w a s  a t tempt  t o  deter- 

mine f e a t u r e s  by t ak ing  i n t e r s e c t i o n s  and unions of p a t t e r n s  selected 

i n  a pseudo-random manner. A t  least  one t h i r d  of t h e  p a t t e r n s  i n  the  

t r a i n i n g  set were involved i n  t h e  de te rmina t ion  of each of t h e  n ine  

f e a t u r e s .  I f  t h e  c u r r e n t  size of t h e  evolving f e a t u r e  was smaller than 

a c e r t a i n  a r b i t r a r y  parameter ,  union wi th  t h e  next  selected p a t t e r n  was 

performed. I f  l a r g e r  than  t h i s  parameter ,  t h e  i n t e r s e c t i o n  was taken.  

9 Features  

Tra in ing  p a t t e r n  e r r o r s  158 b i t s  t o t a l ,  3.95 b i t s  average 

Tes t ing  p a t t e r n  e r r o r s  191 b i t e  t o t a l ,  4 .77  b i t s  average 

Five of t h e  n ine  f e a t u r e s  r e su l t l ng  from t h i s  process were i d e n t i c a l  

w i t h  f i v e  of t h e  t r a i n i n g  pa t t e rns .  The process  obviously f a i l e d  t o  

d i s t i l l  t h e  common f e a t u r e s  from t h e  s e t .  

Run 27 -- Tr iangu la r  P a t t e r n s .  In t h i s  a t tempt  t o  determine 

. f e a t u r e s  wi th  a m i n i m u m  of manipulation, t h e  f i r s t  n ine  t r a i n i n g  

p a t t e r n s  were t e n t a t i v e l y  assigned a s  f e a t u r e s .  Each of t h e  r e m i n i n g  

t r a i n i n g  p a t t e r n s  was tested aga ins t  t h e  n ine  t W I ' r a t i V 6  fe t tax-6;~ &ad 

combined wi th  t h a t  f e a t u r e  w i t h  which i t  made t h e  l a r g e s t  i n t e r s e c t i o n .  

If t h e  i n t e r a e c t i o n  was larger than  an a r b i t r a r y  parameter ,  t h e  
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i n t e r s e c t i o n  was taken;  o t h e m i s e ,  t h e  union was taken.  Thus one f e a t u r e  

was modified each t i m e  a p a t t e r n  was cons idered ,  and t h e  mod i f i ca t ion  was 

performed before proceeding t o  cons ider  t h e  next  p a t t e r n .  

9 Features  

Tra in ing  p a t t e r n  e r r o r s  98 b i t s  t o t a l ,  2.45 b i t s  average 

Tes t ing  p a t t e r n  errors 128 b i t s  t o t a l ,  3.10 b i t s  average  

T h i s  procedure t e n d s  t o  modify the l a r g e r  p a t t e r n s  s e l e c t e d  a s  t e n t a t i v e  

f e a t u r e s  but  to l e n v e  t he  smaller t e n t a t i v e  f e a t u r e s  i n t a c t .  Five of 

the r e s u l t i n g  f e a t u r e s  were i d e n t i c a l  wi th  t h e  p a t t e r n s  used to  i n i t i a t e  

them. The o t h e r  f o u r  s t a r t e d  as l a r g e  p a t t e r n s  and were very  much 

modif led. 
. .  

Run 28 -- Tr iangu la r  P a t t e r n s .  E s s e n t i a l l y  t h e  aame a s  t h e  

a lgo r i thm of Run 27 except  t h a t  t h e  l a r g e s t  9 p a t t e r n s  were selected 

a s  t h e  t e n t a t i v e  f e a t u r e s .  The remaining t r a i n i n g  p a t t e r n s  were then 

tested a g a i n s t  each of t h e  t e n t a t i v e  f e a t u r e s  a t  i ts  p a r t i c u l a r  s t a g e  

of e v o l u t i o n  and combined wi th  tha t  one w i t h  which i t  had t h e  maximum 

number of common elements .  If t h i s  i n t e r s e c t i o n  wns l n r g e r  t han  t h e  

a r b i t r a r y  s ize  parameter  then the  i n t e r s e c t i o n  became t h e  new t e n t a t i v e  

f e a t u r e .  I f  t h e  i n t e r s e c t i o n  was equal  t o  or sma l l e r  than t h e  s i ze  

parameter ,  then t h e  new f e a t u r e  was t h e  union of t h e  o l d  f e a t u r e  and 

t h e  p a t t e r n  being Considered. 

9 Features  

I 

Tra in ing  p a t t e r n  e r r o r s ,  87 b i t s  t o t a l ,  2.18 b i t s  average  

Tes t ing  p a t t e r n  e r r o r e ,  119 b i t s  t o t a l ,  2.98  b i t s  average  

S t a r t i n g  wi th  t h e  l a r g e s t  p a t t e r n s  r e s u l t e d  i n  mod i f i ca t ion  of a l l  of 

t h e  i n i t i a l  ass ignments;  however, f i v e  of t h e  n i n e  r e s u l t i n g  f e a t u r e s  

were i d e n t i c a l  w i th  p a t t e r n s  of t h e  t r a i n i n g  eet .  

These r e s u l t s  were an improvement ove r  prev ious  a t t empt s  a t  f e a t u r e  

de t e rmina t ion  w i t h  a minimum of manipulat ion arid l e d  t o  a series of 

Anmi o iaed  o t  the ewirica?. d e t e r s i n a t i o n  oi s m e  sort ~f e p t i a i z a t l o n  

technique  for t h e  oize parameter .  
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Runs 29,  30 -- T r i a n g u l a r  P a t t e r n s .  P a r a m e t r i c  s t u d y  t o  

d e t e r m i n e  Optimum v a l u e  Of Size parameter  for 9 f e a t u r e s .  Same a l g o r i t h m  

as Run 28. 

9 F e a t u r e s  

S i z e  Parameter  T r a i n i n g  P a t t e r n  Errors T e s t i n g  P a t t e r n  Errors 
( t o t a l  b i t s  - average)  (bl t s) ( t o t a l  b i t s  -- average)  

3 1 . .  ‘ 109 , 

4 76 
5 79 
6 
7 87 
8 99 
9 103 

15 140 

I . I  87 , I 

12’ 112 

2 .73  : 113 
1.90 113 
1-98 106 
2.18 . ’ 119 
2 . 1 8  119 
2 . 4 8  128 
2 . 5 8  , A3 9 
2 . 8 0  154 
3.50 176 

2 . 8 3  
2.83 
2.65 
2.98 
2.98 
3.20 
3.48 
3.85 
4.40 

The smallest error for t h e  t r a i n i n g  set was achieved  w i t h  t h e  s ize  

p a r a m e t e r  e q u a l  t o  4 .  Th’e average f e a t u r e  size for t h i s  c a s e  was 8.44 

e l e m e n t s .  Five of t h e  f e a t u r e e . w e r e  i d e n t l c a l  w i t h  p a t t e r n s  of t h e  ’ 

t r a i n i n g  s e t .  

The smallest a v e r a g e  e r r o r  for t h e  combined p a t t e r n  sets  w a s  ach ieved  

w i t h  t h e  s i ze  parameter  e q u a l  t o  5. The a v e r a g e  f e a t u r e  s i z e  f o r  t h i s  

c a s e  was 8.78  e lements .  

set d e r i v e d  f o r  t h e  s ize  parameter  e q u a l  to 4 .  

Only one f e a t u r e  d i f f e r e d  s l i g h t l y  from t h e  

As a s t a r t i n g  g u e s s ,  i t  was assumed t h a t  f e a t u r e  size, and hence any  

p a r a m e t e r  r e l a t i n g  t o  f e a t u r e  s i z e ,  might w e l l  be a f u n c t i o n  of t h e  

r a t i o  of r e t i n a l  element8 (N = 25 h e r e )  t o  number of f e a t u r e s  (L = 9) .  

T h i s  r a t i o  is h e r e  close t o  3,  SO t h a t  N/L + 1 y i e l d s  t h e  s i z e  p a r a m e t e r  

which gave  t h e  best r e s u l t  for t h e  t r a i n i n g  set .  

Run8 31, 33 -- T r i a n g u l a r  P a t t e r n s .  P a r a m e t r i c  e t u d y  t o  

determine optimum v a l u e  of size parameter  for 6 f e a t u r e s .  

a s  Runs 28, 29, 30. 

Same a l g o r i t h m  

t . I  . ,> 8 1 I 1  I _ . I  , , I  i f .  

. ,  
I I <  ’ b ,  
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6 Features  

S i z e  Parameter Training P a t t e r n  Errors  T e s t i n g  P a t t e r n  Errors 
( t o t a l  b i t s  -- average  ( t o t a l  b i t s  - average)  - ( b i t s )  

b ,  1 i > - .  . 
2 131 
3 1 4 4  

118 
5 126 
6 111 
7 
8 1-26 

10  119 

12 122 

. .  * / ‘ J r  . 

123 ~ 

. I  

9 119 , , 

11 ! 12a 

., 
3.30 
3 .60  
2.95 
3.15 

3.08 
3.15 
2.98 , 

2.98 
3.05 
3 .OS 

a. 77 
‘ , I  

168 
179 
131 , 

126 
130 
138 
157 
139 
140 
152 
152 

4.20 
4 .48  
3.27 
3.15 
3 .25  
3.45 
3.93 
3 .48  
3.50 
3.80 
3.80 

Smal l e s t  error f o r  t r a i n i n g  set and for t h e  combined p a t t e r n  sets was 

achieved f o r  a va lue  of 6 f o r  the size parameter .  Average f e a t u r e  s i z e  

was 9.00 elements .  Only one f e a t u r e  was i d e n t i c a l  wi th  an  inpu t  p a t t e r n .  

I n  t h i s  case, NiL is about 4 ,  s o t h a t  t h e  express ion  N/t + 2 y i e l d s  t h o  

size parameter  which gave t h e  best  r e s u l t .  

Runs 32, 34 -- Tr iangu la r  P a t t e r n s .  Paramet r ic  s tudy  t o  

d e t e r n i n e  optimum value  of size parameter for 12 f e a t u r e s .  Same 

a l g o r i t h m  as  Runs 28, 29, 30, 31, 33. 

, -  13 Features  . . .  

S i z e  Parameter Training P a t t e r n  Errors T e s t i n g  P a t t e r n  Errors 
. I  . % ( b i t e )  I ” , ( t o t a l  b i t s  -- average)  ( t o t a l  b i t s  - average)  

81 2 
3 74 
4 78 

6 76 
. ?  ‘ 76 ’ 

a 106 
9 98 

10 96 
11 96 
12  96 

I ,  

5 78 

2.02 105 

1 .95  101 
1.95 101 
1.90 117 
1.90 I a 117 
2.65 137 
2.46 136 
2.40 144 
2.40 144 
2 . 4 0  144 

1.85 I , 90 
2.63 
2.25 
2.52 
2.52 
2.93 
2.93 
3.43  
3.40 
3.60 
3.60 
3 .60  

.Smal les t  error for ‘ t r a i n i n g ’  e e t  and f o r  the combined p a t t e r n  sets waa 

achieved  with a value of 3 for the size parameter.  Average f e n t u r e  s i ze  

waa 6.00  elements. Ten of t h e  twelve f e a t u r e s  were i d e n t i c a l  wi th  inpu t  

patterns. 
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I n  t h i s  case, NIL is about  2, so t h a t  t h e  e x p r e s s i o n  N/L + 1 y i e l d s  t h e  

s i z e  parameter  which gave  t h e  best resu l t s ,  

F o r  6 ,  9, and 12 f e a t u r e s ,  t h e  product  of t h e  optimum s ize  parameter  and 

t h e  number of f e a t u r e s  is  36 = (5  + 1) , where s q u a r e  5 X 5 p a t t e r n s  a r e  

i n v o l v e d .  This might  g e n e r a l i z e  t o  a n  e x p r e s s i o n  of  t h e  form 

(X + 1) (Y + 1 ) / L  for t h e  s i z e  parameter,  where X and Y are t h e  l i n e a r  

dimensions of  t h e  r e t i n a ,  bu t  experiments  w i t h  v a r i o u s  sizes and shape. 

of a r r a y s  would be r e q u i r e d  to s u b s t a n t i a t e  i t .  

2 

Run 35--Triangular  P a t t e r n s .  U s i n g  t h e  same a l g o r i t h m  as 

a p p l i e d  above, n i n e  i n i t i a l  f e a t u r e s  were determined,  w i t h  t h e  s i z e  

p a r a m e t e r  e q u a l  t o  4 .  These  f e a t u r e s  were t h e n  modified i n  t h e  i t e r a t i v e  

procedure  used i n  t h e  7090 runs and o n  E O 0 0  Run 21. Both f e a t u r e s  and 

composi t ion  matrix were 80 modified for t h e  t r a i n i n g  set; o n l y  t h e  

composi t ion  m a t r i x  b e i n g  e v a l u a t e d  and modif ied  for the  t e s t i n g  set. 

9. F e a t u r e s  

T r a i n i n g  p a t t e r n  errors, 65 b i t s  t o t a l ,  1.63 b i t s  a v e r a g e  

T e s t i n g  p a t t e r n  errors, 88 b i t e  t o t a l ,  2.20 b i t s  a v e r a g e  

Comparison w i t h  results o f  Run 21 i n d i c a t e s  t h a t  t h e  i n i t i a l  f e a t u r e s  as 

determined  h e r e  s e r v e  as a better s t a r t i n g  p o i n t  f o r  m o d i f i c a t i o n  t h a n  

N i l s s o n ' s  randomly-generated i n i t i a l  f e a t u r e s .  Although t h e  improvement 

i n  t he  f i n a l  r e s u l t  i s  only one b i t  in 40 p a t t e r n s  for t h e  t r a i n i n g  set, 

t h e r e  is  a 16 b i t  improvement for t h e  4 0 - p a t t e r n  testing set .  The f i n a l  

f e a t u r e s  o b t a i n e d  i n  t h i s  run average  4.89 e l e m e n t s  per f e a t u r e s ,  as 

a g a i n s t  6.0 e l e m e n t s  p e r  f e a t u r e  when s t a r t i n g  w i t h  t h e  N i l s s o n  f e a t u r e s ,  

The f i n a l  r e s u l t  h e r e  i s  very  close t o  t h a t  o b t a i n e d  i n  Run 24, which 

atarted w i t h  the c l u s t e r - t y p e  f e a t u r e s .  I n  t h a t  case, t h e  t o t a l  errors 

were 66 and 86 b i t s  for t h e  t r a i n i n g  and t e s t i n g  sets, r e s p e c t i v e l y .  

Run 36--Triangular P a t t e r n s .  "be f e a t u r e - d e t e r m i n i n g  

algorithm selects t h e  l a r g e s t  p a t t e r n 8  as ten ta t ive  f e a t u r e s  and  t h e n  

compares each of t h e  remaining p a t t e r n s  w i t h  t h e  f e a t u r e  set, combining 

each with the f e a t u r e  with which i t  has the  largest i n t e r s e c t i o n .  Each 

, .". . .  . , , . :  
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p a t t e r n  is u t i l i z e d  once i n  t h i s  p rocess ,  e i t he r  as an i n i t i a l  t e n t a t i v e  

f e a t u r e  or combined by i n t e r s e c t i o n  or union wi th  one of t h e  t e n t a t i v e  

f e a t u r e s .  Run 36 made provis ion  for  r epea t ing  t h e  second p a r t  of t h i s  

a lgor i thm a number of times, l e e . ,  again comparing ench p a t t e r n  of t h e  

t r a i n i n g  set wi t4  e8ch of t he  featurom and combining It  w i t h  one rccord- 

lng t o  t h e  same wler. 

addittonal time. 

Each 6UCk r e v i s i o n  u t i l i z e d  each p a t t e r n  r n  

I 
R e v i s i w a  Train ing  P a t t e r n  Errors. Testing P a t t e r n  Error8  

( to ta l  bit* 0- aver8ge)'., (total b$to - a v e r w e )  1 '  

C l e a r l y ,  r e v l W M  dld not Saprovo tbm etror for the tmintpg SO;. 

Revi s ion  8ed t o  a l i g h t  m d w t l o n  i n  tho average size tal the leaturoa, 
from 4.44 e l e r e n t o  withoqt tevlsian to  7.44 elemsnta  alter the first 
r e v i e i o n  and to  7.33 elwepta miter the saaond and auboequent revpioac. 

Bun 37 -- Alphanumeric w t t e r n s .  The algorithm l n i t l a t e d  i n  .- 
Run 28 and InvestLgated i ta  rubaequent rune on t h e  Tr i angu la r  Pattern8 

(larger$ L p a t t e r n  911 tentative feetutee, aodtfi@ py i n t e r s e c t i o n o  w 
wlons wlth  th. r e u l n l r q  prtterns) Vaa r\ln bere wtth  35 A1pbanuaey)o 

a r r a y s .  me alae psralstrr detemlQing whether t h e  $ n t e r r e c t l o n  or  t&s 
union with o $iven t en t a t ive  feature wa8 taken was e v a l u a p l  by the 

f o m l e  N DIV L + 1, whioh produoed a value  02 3 with 35 ret lnal  elaarents 

and 8 f e a t u r e r ,  sinoe DIV produces t h e  unrounded d ivLs ion  of i n t e g e r s .  

The f i r s t  20 le t ters  of the  alphabet  (A through T) S @ F V P ~  a s  the 

t r a i n i n g  Bet; t h e  15 remaining l e t t e r s  and nu~lernls  (U through Z and 1 

through 9) served  a8  tho teeting bet. One .et of remult8 was obta ined  by 

iterative P o d l f i c a t i o n  of t h e  composition matrix only for  both  sets. 
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8 Features  

Tra in ing  p a t t e r n  errors, 75 b i t s  t o t a l ,  3.75 bits average  

Tes t ing  p a t t e r n  e r r o r s ,  122 b i t s  t o t a l ,  7 . 4 7  b i t s  average  

Subsequent ly ,  both t h e  composition mat r ix  and t h e  f e a t u r e s  were modifi,ed 

through 10 i t e r a t i o n s  f o r  t h e  t r a i n i n g  s e t .  Only t h e  composition matrix 
was modified f o r  t h e  t e s t i n g  s e t .  

8 Features  

Troin)n# p a t t e r n  e r r o r s ,  58 b i t 8  t o t a l ,  3.90 b i t s  average  

Tee t ing  p a t t e r n  e r r o r s ,  117 bite t o t o % ,  7.80 b i t s  average  

S ince  t h e  numer@ls errhibi t  r a t h e r  d i f f e r e n t  c h a r a c t e r i s t i c  uhrpee from 

t h e  c a p i t q l  letter., t h e  poor performance On t h e  t e s t i n g  umt Is not 
su rp r l c$ng ,  C o n s i d a ~ i b l o  e r r o r  improvement wi th  mo4 i f i ca t lon  o f  the  

f e a t u r e r  $mdicates t h a t  ;he a lgor i thm d e t e r n l n i n g  t h e  i n $ t i a l  f e a t u r e a  

is not working too w e l l ,  I t  was reasoned that e t a r t i n g  wi th  t h e  1r)rgest 
p a t t e r n s  F igh t  no t  r e s y J t  in a u f f i c i e n t  DivereLty among t h e  tental; ive 

f e a t u r e o ,  , 

Run 39 -- 4 lphanumeric P a t t e r n s .  The a lgo r i thm used above 

was modified i n  t he  Iqllawing way.  Each time a p a t t e r n  was chosen as 

a tentative f e a t u r e ,  a l l  t h e  r e s t  of t h e  p a t t e r n s  were t e s t e d  egnlnst  

i t .  Thore p a t t e r n s  which i n t e r s e c t e d  t h e  chosen t e n t a t $ v e  f e a t u r e  in 
a number of eJements mua l  to or g r e a t e r  than twice t h e  miza parameter  

(2 x 3 = 10 elements ,  fo r  t h i s  case) were e l imina ted  from c o n e l d e r a t i ~ n  

a s  p o e s i b l e  t e n t a t i v e  $eatures, regqrdleos of t h e i r  a i z e e .  Otherwise,  

t h e  procedure was t h e  same ps t h a t  above. Add i t iona l  p r i p t o u t  wa8 

, provided dur ing  t h e  f e a t u r e  determining p rocess  s a  $hat t h e  d e t o l l e d  

steps followed could be recons t ruc te4  by hand and snaJyoed. 

petterns were used a8  a t r a i n i n g  6e&, After deteralnstWa and i t e r a t i v e  

mod i f i ca t ion  of t h e  aomposition pat f ix  only, t h e  resul ts  achieved were: 

A l l  35 

. i  I 4 -  8 Fea tu res  " 

Tra in ing  p a t t e r n  errors, 186 b i t s  toss i ,  5.31 b i t s  overage . .  . . . , .  I I 2 



After 10 iterations involving modification Of the feature6 a8 well a6 

the composition matrix, this was reduced to e 
8 Features 

Training pattern errors, 136 bits total, 3.89 bits average 

These results cannot be easily compared with the previous run because 

the eize of the training set vas different. The fact that feature 

modification led to significantly improved results indicates that the 

algorithm determining the initial feature8 ehould be capable of Improve- 

ment. Many patterns were removed from consideration early in the 

feature determination because of large intersections with the first 

couple of tentative features. 

Run 40 -- Alphanumeric Patterns. Only one factor was altered -- 
from the above run. This time, the criterion for elimination of a 

pattern from further consideration as a tentative feature was that its 

intersection with the laet-chosen tentative feature be equal to or 

greater than three times the size parameter (3 x 5 =: 15, for this case). 

With modification of 'the cunpoaltlon matrix only, the following errors 

were obtained. 
, 

8 Features 

Training pattern errors, 217 bits total, 6.20 bits average 

After feature and composition-matrix modification: 

8 Feature6 ' 

Training pattern errors, 152 bita total, 4.34 bits average 

This modification of the algorithm produced poorer results, bot4 before 

and after feature modification. 

Run 41 -- Alphanumeric Patterns. It was thought that perhaps 

a better test as to whethor a pattern should be eliminated from consid- 

eration as a tentative feature would be one based on what fraction of 

that pattern overlapped the previously chosen tentative feature. Thus 

the criterion was changed,so that if.the overlap were equal to or 

'69 
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g r e a t e r  t h a n  3/4 of t h e  e lements  i n  the p a t t e r n  under  c o n s i d e r a t i o n ,  

t h e n  i t  w a s  e l i m i n a t e d .  With m o d i f i c a t i o n  of t h e . c o m p o s i t i o n  m a t r i x  

o n l y ,  t h e  r e s u l t  ach ieved  was: 

8 F e a t u r e s  

T r a i n i n g  p a t t e r n  e r r o r s ,  167 b i t s  t o t a l ,  4 . 7 7  b i t s  a v e r a g e  

A f t e r  i t e r a t i v e  m o d i f i c a t i o n  of both t h e  f e a t u r e s  and t h e  compoei t ioa  

matrix , t h e  r e s u l t  was: 

> * .  I -. 
8 F e a t u r e 6  

T r a i n i n g  b a t t e r n  errors ,  155 b i t s  t o t a l ,  4 .43  b i t s  a v e r a g e  

T h i s  is t h e  best r e s u l t  o b t a i n e d ,  t o  t h i s  p o i n t ,  b e f o r e  f e a t u r e  modif i -  

c a t i o n .  The r e s u l t  a f t e r  m o d i f i c a t i o n  is s t i l l  n o t  a s  l o w  a 8  t he  minimum 

a c h i e v e d  in Run 39; however, t h e  c h i e f  o b j e c t i v e  a t  t h i s  p o i n t  was t o  

o b t a i n  t h e  best p o s s i b l e  r e s u l t  wi thout  such  m o d i f i c a t i o n ,  s i n c e  

i t e r a t i o n  of f e a t u r e  m o d i f i c a t i o n  is e x p e n s i v e  i n  terms of computer t i m e .  

I t  was noted  i n  t h i s  run t h a t  when t h e  8 t h  t e n t a t i v e  f e a t u r e  had 

been chosen ,  a l l  of t h e  t r a i n i n g  p a t t e r n s  had e i ther  been used or 

e l i m i n a t e d  from c o n s i d e r a t i o n .  Thus i t  was s e e n  t h a t  t h i s  a l g o r i t h m  

c o u l d  be s l i g h t l y  modi f ied  t o  de termine  t h e  number of f e a t u r e s ,  a s  w e l l  

as t h e i r  c o n f i g u r a t i o n s .  

Run 43 -- Alphanumeric P a t t e r n s .  I n  order to  e l i m i n a t e  one 

a r b i t r a r y  p a r a m e t e r ,  namely, t h e  number of f e a t u r e s  t o  be de termined ,  

t h e  program was a l t e r e d  so t h a t  when each  of t h e  p a t t e r n s  had e i t h e r  

been used as a t e n e t a t i v e  f e a t u r e  o r  e l i m i n a t e d  from c o n s i d e r a t i o n ,  t h e  

number of f e a t u r e s  was f r o z e n .  T h i s  run  produced e i g h t  f e a t u r e s  and 

error counts i d e n t i c a l  with those  o b t a i n e d  i n  Run 41 .  

1 

Run 44 -- Alphanumeric P a t t e r n s .  I n  order to  make t h e  f e a t u r e  

d e t e r m i n a t i o n  p r o c e s s  independent of t h e  order i n  which p a t t e r n s  were 

loaded  i n t o  t h e  sys tem,  t h e  process  was a l t e r e d  to  order t h e  p a t t e r n s  

by s ize .  To check  t h e  s e n s i t i v i t y  of  t h e  a l g o r i t h m  t o  t h e  p a r a m e t e r  

d e t e r m i n i n g  w h e t h e r ' n  'pattern should be r e t a i n e d  a 8  a p o s s i b l e  f e a t u r e  

or e l i m i n a t e d ,  rounded d i v i s i o n  wa8 used when t h e  number of' e l e m e n t s  in 



each  p a t t e r n  was m r l t i p l i e d  by 3/4. (Unrounded d i v i s i o n  of i n t e g e r s  had 

been p rev ious ly  employed.) This  a lgo r i thm found 10 f e a t u r e s  and 

produced the fol lowing results:  

10 Fea tures  

Tra in ing  p a t t e r n  e r r o r s  194 b i t s  t o t a l ,  5.54 b i t s  average  

Thus t h e  e r r o r s  were g r e a t e r  than those  produced i n  Runs 41  and 43 ,  

even though t h e r e  were two a d d i t i o n a l  f e a t u r e s .  

Run 45 - Alphanumeric P a t t e r n s .  P a t t e r n s  were ordered  a g a i n ,  

a s  i n  Run 4 4 ,  wi th  t h e  l a r g e s t  p a t t e r n s  cons idered  f i r s t .  Unrounded 

d i v i s i o n  was used when mul t ip ly ing  p a t t e r n  size by 3/4. Again,  e ight  

f e a t u r e s  were found, as i n  Runs 4 1  and 43,  where t e n t a t i v e  f e r t u r e s  

were determined by cons ide r ing  the p a t t e r n s  in o r d e r  of dec reas ing  size. 

I n  performing unions and i n t e r s e c t i o n s ,  however, t h e  remaining p a t t e r n s  

are  now a l s o  cons idered  i n  s i ze  sequence, l ead ing  to  d i f f e r e n t  f i n a l  

f e a t u r e s .  The r e su l t s  were: 

8 Features  

Tra in ing  p a t t e r n  e r r o r s ,  191 b i t s  t o t a l ,  5.46 b i t s  average 

Thus orde r ing  of t h e  p a t t e r n s  did n o t  improve upon the  r e s u l t s  ob ta ined  

in Runs 41  and 43. 

! Run 46 -- Tr iangu la r  P a t t e r n s .  Although the a lgo r i thm e m -  

ployed i n  Run 45 was not  optimized f o r  t h e  alphanumeric p a t t e r n s ,  i t  

had evolved from experiments  in which only t h e  alphanumerics  were used 

(Runs 37 through 4 5 ) ,  and it  was a n t i c i p a t e d  t h a t  i t s  performance on 

a p a t t e r n  set  wi th  very d i f f e r e n t  s t a t i s t i c s  would be poor. This  was 

t e s t e d  by running t h e  T r i angu la r  P a t t e r n s  w i t h  t h i s  a lgo r i thm,  l e t t i n g  

t h e  fea ture-de termining  process  a l s o  determine t h e  number of f e a t u r e s .  

Performance was a s  fol lows:  

2 Features  

Tra in ing  p a t t e r n  errors, 225 b i t s  t o t a l ,  5.63  b i t e  average  

4 T e s t i n g  p a t t e r n  e r r o r e ,  220 b i t 8  t o t a l ,  5.65  bits average  

i I *  t i * L  
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By t h e  t i m e  two t e n t a t i v e  f e a t u r e s  had been found, all t h e  rest of  t h e  

40 t r a i n i n g  p a t t e r n s  had been e l i m i n a t e d ,  s i n c e  all of  t h e  smaller 

p a t t e r n s  are e s s e n t i a l l y  completely c o n t a i n e d  i n  t h e  l a r g e r  ones,  as can 

be s e e n  from t h e  t w o  p a t t e r n s  s e l e c t e d  as t e n t a t i v e  f e a t u r e s :  

x x x x x  X 

x x x x x  
x x x x x  x x x x x  

x x x  x x x x x  
X x x x x x  

x x x  

A f t e r  t a k i n g  i n t e r s e c t i o n s  and unions w i t h  t h e  remaining 38 t r a i n i n g  

p a t t e r n s ,  t h e  f e a t u r e s  had evolved to:  

x x x x  x x x x x  
. x x x x x :  _ L  x x x x x  1 9 %  . I I  

x x x x  x x x x x  
x x  x x x x x  

' x x  X ' X X  

I t  Obviously,  many of t h e  

or w h o l l y  f i l l e d .  The remnining ones  were r e p r e s e n t e d  by t h e  f i r s t  

" f e a t u r e .  E r r o r  rate, expressed  i n  t o t a l  bits or bits per p a t t e r n ,  is 

i n a d e q u a t e  as a measure of such complete f a i l u r e ,  I 

r e c o n s t r u c t e d "  p a t t e r n s  were e i t h e r  wholly empty 

I t  

* * *  
C h r o n o l o g i c a l l y ,  experiments  were n e x t  run  on  two q u i t e  d i f f e r e n t  

a l g o r i t h m s ,  reported i n  a ' later s e c t i o n  (Runs 47 th rough 5 7 ) .  A new 

p a t t e r n  set was i n t r o d u c e d  in t e s t i n g  o n e  of them, a set of 24 p a t t e r n s  

made up  e n t i r e l y  of seven s t r o k e s  on t h e  5-by-5 r e t i n a  as shown in Fig. 

14 o f  Ref .  1. S i n c e  t h i s  was t h e  f i r s t  se t  of any s i z e  which w e  had used 

t h a t  was g u a r a n t e e d  r e c o n s t r u c t a b l e  i n  terms o f  a small number of f e a t u r e s ,  

i t  wan of i n t e r e s t  t o  r u n  t h i s  s e t  w i t h  t h e  i n t e r s e c t i o n s  and unions" 

algorithm. 

11 

Run 55-Seven-feature P a t t e r n s .  Same algorithm as Runs 45 and 
46, which ident i f ied  o n l y  two "fea tures . "  ~ , .  

2 F e a t u r e s  . 
r .  

T r a i n i n g  p a t t e r n  errors 172 b i t s  t o t a l ,  7.17 b i t s  a v e r a g e  

Again, t h e  r e s u l t  wan to ta l  f a i l u r e .  

+ * *  
h o k i n g  over t h e  r e s u l t s  of runs t o  date, i t  was d e c i d e d  t h a t  t h e  

m o d i f i c a t i o n s  made to  this algorithm i n  Rune 37 th rough 45 had been 



u n p r o f i t a b l e ,  a8 f a r  a8 obta in ing  a gene ra l  a lgor i thm.  The r e su l t s  

obta ined  du r ing  t h e  paramet r ic  s tudy,  Run8 29 through 34 ,  could no 
longe r  be d u p l i c a t e d ,  t o  Pay nothing of improved. One q u e s t i o n  remained, 

however, w i th  regard  t o  t h e  g e n e r a l i t y  of t h e  earlier form of t h e  

algori thm: S ince  i t  processed p a t t e r n s  i n  t h e  ( a r b i t r a r y )  o r d e r  i n  

which they  were introduced, how s e n s i t i v e  might t h e  r e s u l t  be t o  t h e  

order of t h e  pa t t e rns?  The next s e v e r a l  run8 sought t o  anewer t h i 8  

g u e s t  ion .  

e 

Runs 58, 60, 61,  62 ,  63,  64 -- T r l a n g u l a r  P a t t e r n s .  The 

same a lgo r i thm a s  t h a t  used i n  Runs 30 through 34, except  t h a t  t h e  

size parameter  was s e t  aqua1 to one p l u s  t h e  rounded q u o t i e n t  of t h e  

number of r e t i n a l  po in t8  d iv ided  by t h e  number of f e a t u r e e . a o u g h t ,  in 

t h e s e  cases, 1 + 25/9 * 4 .  A l l  runs were i d e n t i c a l  except  that t h e  

t r a i n i n g  p a t t e r n  deck was shuff led  between.yun8: ~ , 
- -  ~ 

. .  . .  9 Fea tu res  ! $  

c - ‘  * Tra in ing  p a t t e r n  errors ! ’ T e s t i n g  p a t t e r n  errors 
(tot81 b i t s  -- average) ( t o t a l  b i t s  - average)  

85 
76 
81 
88 
86 
81 

2.13 103 2.58 Note 1 
1.90 113 2.83 Note 2 
2.02 106 2.65 
2.20 129 3.23 
2.15 114 2.85 
2.02 115 2.88 

Note 1:. P a t t e r n s  i n  o r i g i n a l  order, but s l i g h t  change i n  
reprogramming t h i s  a lgo r i thm had t h e  e f f e c t  of 
comparing t h e  f e a t u r e s  wi th  each p a t t e r n  i n  
r eve r se  order .  

Note 2:  P a t t e r n s  i n  o r i g i n a l  order, a lgo r i thm corrected. 
Resul t  same as i n  t he  f i r s t  experiment of Run 30. 

+ , #: ,  . 
Mean va lues  for t h e  SIX runs: 

I -  T r a in ing  p a t t e r n  errors 82.83 b i t 8  t o t a l ,  2.07 b i t s  average  

Tes t ing  p a t t e r n  errors 113.33 b i t s  t o t a l ,  2.83 b i t s  average  

Root-mean-6quare dev ia t ion  from t h e  mean for t h e  s i x  runs: 

Tra in ing  pa t t e rns :  3.98 b i t s  t o t a l ,  0.10 b i t s  average  

T e s t i n g  Gtterns: 8.44  b i t e  t o t a l ,  0 .21  b i t 8  average  
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The s p r e a d  was r e a l l y  q u i t e  Small ,  a l t h o u g h  the o r i g i n a l  r u n  proved t o  

y i e l d  t h e  lowest e r r o r  f o r  the t r a i n i n g  s e t .  It was concluded t h a t  

t h i s  a l g o r i t h m  Is n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  t h e  o r d e r  of p r e s e n t a -  
t l o n  of t h e  T r i a n g u l a r  P a t t e r n  s e t .  . . . .  

Run SRI 3 -- A l l  t h r e e  p a t t e r n  sets.  F e a t u r e  d e t e r m i n a t i o n  

plus  m o d i f i c a t i o n  of t h e  composition m a t r i x  only’,  a s  i n ’ t h e  above r u n s .  

Run on t h e  SRI 85000. 

Seven-Feature  P a t t e r n s  

T r a i n i n g  p a t t e r n  e r r o r s  36 b i t s  t o t a l ,  1.50 b i t s  a v e r a g e  

Although t h i s  is  n o t  a h i g h  e r r o r  f i g u r e ,  i t  s h o u l d  be zero, s i n c e  

the p a t t e r n s  are known t o  be capable  of r e c o n s t r u c t i o n . f r o m  seven  

f ea t u r e a  e \ . 
T r i a n g u l a r  P a t t e r n s  -- 9 F e a t u r e s  

T r a i n i n g  p a t t e r n  errors 76 b i t s  t o t a l ,  1.90 b i t s  a v e r a g e  

T e s t i n g  p a t t e r n  e r r o r s  113 b i t s  t o t a l ,  2.83 b i t s  a v e r a g e  

Same r e s u l t  as p r e v i o u s l y  obta ined  -- same a l g o r i t h m .  

, .  
Alphanumeric P a t t e r n s  -- 9 F e a t u r e s  

T r a i n i n g  p a t t e r n  errors 183 b i t s  t o t a l ,  5.23 b i t s  a v e r a g e  

T h i s  is  a l a r g e r  e r r o r  than had been o b t a i n e d  w i t h  8 f e a t u r e s  w i t h  some 

of  t h e  m o d i f i c a t i o n s  of t h i s  a l g o r i t h m  t h a t  t u r n e d  out  to  be f a i r l y  

s p e c i f i c  t o  t h i s  p a t t e r n  s e t .  

Runs SRI 4, 5 -- A l l  t h r e e  p a t t e r n  s e t s .  F e a t u r e  d e t e r m i n a t i o n  

fol lowed by i t e r a t i v e  m o d i f i c a t i o n  of b o t h  composi t ion  m a t r i x  and 

f e a t u r e s .  Run SRI 4 employed t e n  i t e r a t i o n s  i n  t h e  t r a i n i n g  p r o c e s s .  

S i n c e  some v a l u e s  appeared t o  b e  s t i l l  changing a t  t h i s  p o i n t ,  Run 

, SRI 5 employed twenty i t e r a t i o n s  for t r a i n i n g .  F i n a l  r e s u l t s  of t h e  

two r u n s  were i d e n t i c a l ,  a s  f a r  as t h e  e r ror  summary is concerned ,  bu t  

some of t h e  f e a t u r e s  d i f f e r e d  in. t h e  two sets a n d ,  hence ,  some of t h e  

r e c o n s t r u c t i o n s  a l s o  d i f f e r e d .  
, .  , * .  

? ‘ I , . )  < ,, . , *  - a .  I 
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Seven-Feature P a t t e r n s  

Tra in ing  p a t t e r n  e r r o r s  1 7  b i t s  t o t a l ,  0 .71 b i t e  average  

Even wi th  i t e r a t i v e  modi f ica t ion  of t h e  f e a t u r e s ,  t h e  error was not  

reduced t o - i t e  known minimum value of zero. 

Tr iangu la r  P a t t e r n s  -- 9 Fea tu res  

. .  

, I ( 8  

Tra in ing  p a t t e r n  e r r o r s  65 b i t e  t o t a l ,  1 .63  b i t e  average  

T e s t i n g  p a t t e r n  e r r o r s  88 b i t s , t o t a l ,  2.20 b i t s  average . ., . 

T h i s  resu l t  d u p l i c a t e s  Run 35. . 

Alphanumeric P a t t e r n s  -- 9 Fea tu res  

Tra in ing  p a t t e r n  errors 144 b i t s  t o t a l ,  4 .11 b i t s  average  

T h i s  resul t  is comparable t o ,  but n o t  as  low os, t h e  result obta ined  

in Run 39 w i t h  8 f e a t u r e s .  

Although t h e  i t e r a t i v e  algori thm, invo lv ing  mod i f i ca t ion  of both t h e  

contpoeition matrix and t h e  f e a t u r e s ,  has  produced t h e  lowest error 

rates and has been used a s  t he  s tandard of comparison, i t  is i l l u s -  

t r a t e d  aga in  he re  t h a t  i t  does not gua ran tee  t h e  minimum error 

ach ievab le  wi th  a g iven  number of f e a t u r e s .  

. . .  

.e..' BSOOO RUS -- SlmDlified I t e r a t i v e  AlEorlthm 

The fol lowing experiments were suggested by N i l s  Ni l sson  
' ,. 

i n  an a t t empt  t o  provide a s i m p l i f i e d  scheme for i t e r a t i v e  

mod i f i ca t ion  of f e a t u r e s  t h a t  would be f a s t e r  than  t h e  

exhaus t ive  a lgo r i thm run on the 7090 and subsequent ly  on 

t h e  B5000. 

I 

. ;  

. 
Run 47 -- Tr iangu la r  P a t t e r n s ,  N i l s s o n ' s  i n i t i a l  f e a t u r e s ,  

, composition mat r ix  i n i t i a l l y  empty. I n  t h i s  a lgo r i thm,  a 

.. f e a t u r e  was inc luded  in t h e  r e c o n r t r u c t i o n  of a p a t t e r n  i f  more than a 

s p e c i f i e d  f r a c t i o n ,  0 , of t he  feature wae inc luded  in t h e  p a t t e r n .  An 

element wao inc luded  i n  a f e a t u r e , i f  t h a t  element was p re sen t  in nor. 

t h a n  h a l f  t h e  p a t t e n e  to  which it was a s s igned  f o r  r econs t ruc t ion .  . 
I 4  

, 
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There is no i n t e r a c t i o n  among f e a t u r e s  in t h i s  a lgor i thm,  and t h e  

computation is simple and f a s t .  Three va lues  of were used  i n  t h i s  r u n :  

9 Features  
- 

Parameter T ra in ing  P a t t e r n  Errors T e s t i n g  P a t t e r n  E r r o r s  
JL ( t o t a l  bits -- average)  ( t o t a l  bit6 - average)  

0.50 233 * 5 .83  * ' 268 6 . 7 0  
0.65 231 5 . 7 8  260 6 .50  
0.80 230 5.75  . 263 6 . 5 8  

Independence of t h e  f e a t u r e s  resulted i n  d u p l i c a t i o n  of  f e a t u r e s .  I n  

t he  f i rs t  and l a s t  c a s e s ,  on ly  four d i o t l n c t  f e a t u r e s  r e s u l t o d .  The 

o t h e r  c a s e  produced s i x  d i s t i n c t  f e a t u r e s .  

decrease w i t h  success ive  i t e r a t i o n s .  

E r r o r s  d i d  n o t  a lways  

Run 48  -- Tr iangu la r  P a t t e r n s ,  C l u s t e r  f e a t u r e s ,  composition 

matrix I n i t i a l l y  empty. A s i d e  from t h e  f a c t  t h a t  t h e  i n i t i a l  

f e a t u r e s  employed were t h e  c l u s t e r  se t  (see Run 241 ,  t h i s  run  was 

p r e c i s e l y  t h e  same a6 Run 47:. 

9 Features  

Parameter Tra in ing  P a t t e r n  E r r o r s  Tes t ing  P a t t e r n  E r r o r s  
9, ' ( t o t a l  b i t s  -'- average)  ( t o t a l  b i t s  - average)  

0.50 233 5.83 267 6 . 6 8  
0 . 6 5  2 30 5 . 7 5  251 6 . 2 8  
0 . 8 0  a30 5 . 7 5  263 6.58 

S t a r t i n g  wi th  t h e  c l u s t e r  f e a t u r e s  demonstrated t h a t  t h i s  a lgo r i thm 

can be highly  d i v e r g e n t .  The i n i t i a l  f e a t u r e  assignment i n  each c a s e  

produced a t o t a l  e r r o r  of 81 b i t s ,  o r  ' j u s t  over two b i t s  p e r  p a t t e r n  

f o r  t h e  t r a i n i n g  set. I t e r a t i o n  of t h e  assignment and f e a t u r e -  

mod i f l ca t lon  processes nea r ly  t r i p l e d  t h e  error.  Only t h r e e  d i s t i n c t  

f e a t u r e s  were produced i n  t h e  f i r s t  and l a s t  ca ses ;  six, in t h e  o t h e r .  

Run 4 9  -- Tr iangu la r  P a t t e r n s ,  N i l s son ' s  i n i t i a l  f e a t u r e s ,  

composition mat r ix  i n i t i a l l y  e m p t y .  I n  t h i s  run ,  t h e  a lgo r i thm 

was modified t o  in t roduce  t h e  same parameter ,  0 , used i n  de te rmining  

tha mapst t i c : :  rztrix i n t o  t=e'i~turs-~od:ficat:tn procadiire. An 

element was included i n  a 'feature i f  t h a t  element was p r e s e n t  i n  'aore 



than t h e  f r a c t i o n  p 

r e c o n s t r u c t i o n  . The 

were: 

9 Features  

of t h e  p a t t e r n s  t o  which i t  was ass igned  f o r  

r e s u l t s ,  f o r  t h e  same range 'o f  parameter  v a l u e s ,  

Parameter Tra in ing  P a t t e r n  E r r o r s  Tes t ing  P a t t e r n  Errors 
A ( t o t a l  b i t s  -- average)  ( t o t a l  b i t s  - average)  

0.50 233 5.83 268 6 . 7 0  
0.65 204 5.10 24 0 6 .OO 
0.80 20 2 5 .05  24 1 6.03 

The f i r s t  c a s e  is, of cour se ,  t h e  same as t h a t  of Run 4 7 ,  producing 

f o u r  d i s t i n c t  f e a t u r e s .  The o thers  appear  somewhat better.  Only t h r e e  

d i s t i n c t  f e a t u r e s  were produced i n  t h e  second c a s e ,  and f i v e  in t h e  

t h i r d .  , S t a r t i n g  wi th  t h e s e  i n i t i a l  f e a t u r e s ,  t h i s  mod i f i ca t ion  of t h e  

a lgo r i thm produced some convergence toward minimum e r r o r s .  

Run 50 -- Tr iangu la r  P a t t e r n s ,  C l u s t e r  f e a t u r e s ,  composi t ion 

mat r ix  i n i t i a l l y  empty. Aside from t h e  f a c t  t h a t  t h e  I n i t i a l  

f e a t u r e s  employed were t h e  c l u s t e r  set  and t h a t  one a d d i t i o n a l  c a s e  

was added' ( 0  = 0.95) '  ' t h i s  run was p r e c i s e l y  t h e  same a s  Run 49: 

9 Fea tures  

Parameter Tra in ing  P a t t e r n  E r r o r s  T e s t i n g  P a t t e r n  E r r o r s  
_e (Total  b i t s  -- average)  ( t o t a l  b i t s  - average)  

0.50 233 5.83 267 6.68 
0.65  179 4 .48  233 5.83 
0.80 178 4 . 4 5  215 5.38 
0.95 100 2 . 5 0  120 3.00 

The f i r s t  c a s e  d u p l i c a t e s  the first  c a s e  of Run 48 ,  producing only t h r e e  

d i s t i n c t  f e a t u r e s .  T o t a l  e r r o r  for t h e  t r a i n i n g  set d iverged  from 81 t o  

233 i n  10 i t e r a t i o n s .  The second c a s e  produced f o u r  d i s t i n c t  f e a t u r e s  

but  diverged from 81 t o  179 bits t o t a l  e r r o r .  The t h i r d  case  produced 

f i v e  d i s t i n c t  f e a t u r e s  and diverged from 81 t o  178 b i t s  t o t a l  e r r o r .  

I n  t h e  f i n a l  c a s e ,  a l l  n ine  f e a t u r e s  were d i s t i n c t  a f t e r  10 i t e r a t i o n s ,  

and the  e r r o r  had changed from114 t o  100 b i t s  t o t a l  f o r  t h e  t r a i n i n g  

set. Seven of t h e  n i n e  o r i g i n a l  fea tureo 'emerged  unchanged a f t e r  10 

i t e r a t i o n e .  Two b i t s  each had been added t o  t h e  o t h e r  t w o  f e a t u r e s .  
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The f i n a l  case e x h i b i t e d  somewhat s t r a n g e  behavior ,  i l l u s t r a t i n g  t h e  

i n s t a b i l i t y  of t h i s  a lgor i thm.  When the  number of p a t t e r n s  or number 

of elements  I n  a P a t t e r n  was mul t ip l ied  by 0, t h e  r e s u l t  was rounded 

and s t o r e d  a s  an  i n t e g e r ;  t h u s  i n  t h e  comparisons which fo l lowed,  

e q u a l i t y  was alWay8 p o s s i b l e .  The r u l e  f o r  handl ing  e q u a l i t y  which had 

proved most u s e f u l  i n  t H e  e a r l i e r ' i t e r a t l v e  a lgo r i thm (Run 21 ,  a t  seq . )  

was aga in  used here, namely, r eve r sa l  of t he  d e c i s i o n  made on t h e  

prev ious  i t e r a t i o n .  In a n  algorithm i n  which t h e  s e v e r a l  f e a t u r e s  

i n t e r a c t e d ,  t h i s  r u l e  provided a "d i the r "  which tended to move t h e  

e r r o r  off'of any p l a t e a u  encountered dur ing  convergence toward a n i n i -  

mum value .  Occas iona l ly ,  a cyclic behavior  was obaerved. Here, without  

i n t e r a c t i o n  among t h e  f e a t u r e s ,  cyc l ic  behavior  appears  t o  be h igh ly  

probable .  In the t h i r d  c a s e ,  p a t t e r n  e r r o r s  were c y c l i c  for 27 of t h e  

40 t r a i n i n g  p a t t e r n s  and constant  a f t e r  t h e  f i r s t  i t e r a t i o n  for t h e  

other  13. The t o t a l  error f l u c t u a t e d  between t w o  va lues .  A f t e r  i n i t i a l  

assignment of f e a t u r e s  to p a t t e r n s  ( f e a t u r e s  as y e t  unmodif ied) ,  t h e  

error was 114 b i t s  to ta l .  An i t e r a t i o n  c o n s i s t e d  of f e a t u r e  mod i f i ca t ion ,  

reassignment of f e a t u r e s  t o  p a t t e r n s  for r e c o n s t r u c t i o n ,  and error 

de termina t ion .  A f t e r  I t e r a t i o n s  1, 2 ,  4 ,  5 ,  7 ,  and 8 ,  t h e  t o t a l  error 

for t h e  t r a i n i n g  set w a s  387 bits. A f t e r  I t e r a t i o n s  3, 6 ,  and 9 ,  t h e  

t o t a l  error was 100 b i t s .  A f i n a l  f e a t u r e  mod i f i ca t ion ,  complet ing 

ten t o t a l  cycles through t h e  process ,  l e f t  t he  r e s u l t  unchanged a t  

100 b i t s .  C l e a r l y ,  a l though the f i n a l  e r r o r  was less than t h e  i n i t i a l  

error, t h e  process  could not be s a i d  t o  "converge. 

, .  

I, 

f. B5000 Runs -- Sequent ia l  Algorithm 

Run 51 -- Seven-Feature P a t t e r n s .  The p a t t e r n  set employed 

here c o n s i s t s  of 24 p a t t e r n s  on a 5 x 5 r e t i n a ,  a s  drawn i n  Fig.  14 of 

Reference 1. A l l  of t h e  p a t t e r n s  can be p e r f e c t l y  r e C O A S t r U C t e d  from 

a set  of seven s imple  f e a t u r e s  ( t h r e e  h o r i z o n t a l  and three v e r t i c a l  

strokes, and one d i a g o n a l ) ,  This run merely, determined f e a t u r e s  f o r  a 

range  of va lues  ot t h e  s i z e  parameter 8 .  P a t t e r n  r e c o n s t r u c t i o n  and 

error de te rmina t ions  were n o t  made. 



I 

I .  Pa rome t or 'Number 02 
8 '  Feature6 - 

14 1 1 '  

, 2 14 
3 14 
4 10 
5 6 '  

The 14 features determined i n  the first case  included a l l  of t h e  seven 

s i g n i f i c a n t  f e a t u r e s  generated by the "Parallel  Algorithm'' and displayed 

in Fig. fb of Reference 1. The o the r  f ea tu res"  coneiated of one or 

two elements ,  t o t 8 l l y  redundant. None o f . t he  other ca8es produced 8 '  

f e a t u r e .  set capable  of p e r f e c t  r econs t ruc t ion  of t h e  inpu t  p a t t e r n e .  

.I 

. I  

Run 52 -- Tr iengu la r  P a t t e r n s .  Determin8tion of f e 8 t u r e e  only: 
_ -  

# , >  , ,  . I , I  * 

Parameter Number of-- -e - - 
, 1  8 ' .  I , Pea tu ree '  , * .  , . -  - 

1 L a  25 ' 
a 25 
3 23 
4 17 

, 5  11 

An upper l i m n i t  an t h e  number of f e a t u r e s  t o  be sought was en te red  i n t o  

theae rune,  a long wi th  t h e  o the r  d a t a .  In  t h i s  case, t h e  u p p e r  l i m i t  

was set a t  9 5 ,  equal t o  the number of r e t i n a l  e lements  i n  the  p a t t e r n s  

undor , cons ide ra t ion .  The first case  y i e l d e d  one-element f e a t u r e e ,  

each a separate r e t i n a l  element.  Even when t h e  minimum f e a t u r e  size 

w8t3 set  8 t  f i v e  elements  (final case ) ,  e leven f e a t u r e s  were determined. 

Run 53 -- Tr iangu la r  Pa t t e rns .  A f t e r  de te rmining  f e a t u r e s ,  

t h e  procedure ass igned  them t o  p a t t e r n s  i n  which they  were t o t a l l y  

inc luded ,  as a i i r o t  s t e p  i n  recons t ruc t ion .  Following t h i s ,  t h e  

'procedure for modif ica t ion  of the composition ma t r ix  was executed 

through five i t e r a t i o n s ,  Only t h e  t r a i n i n g  set was used f o r  f e a t u r e  
d e t e w l i m t i o n .  2 - 1  d ., I .  f * *  L . I 1 ' /  

. ,  

'f I .  . - . .  . ,. . .  
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Parameter Number of Training P a t t e r n  Errors T e s t i n g  P a t t e r n  Errors 
e Fea tures  ( t o t a l  b i t 8  -- average)  ( t o t a l  b i t s  - average)  

2 25 31 0 . 7 8  44 1 . l o  
3 23 34 0.85 53 1 .33  
4 1 7  50 1 .25  . 65 1 . 6 3  
5 11 82 2 .05  116 2.90 
6 11 83 2 .OS 111 2 . 7 7  

- 

11 I 1  In t h e  f i r s t  case, a l though the re  were 25 f e a t u r e s ,  equa l  t o  t h e  

, number of  r e t i n a l  e l e w n t a , . t h e  training p a t t e r n  eet was n o t  p e r f e c t l y  

r econs t ruc t ed .  A t  the  o t h e r  end of t h e  experiment., the final c a m  allows 

a minimum f e a t u r e  size of a i r  elements,  y e t  11 f e a t u r e s  a r e  found and 

t h e  e r r o r s  a r e  not  b e t t e r  than those produced by o t h e r  a l g o r i t h m  for 

n i n e  f e a t u r e s .  

Run 54 -- Seven-feature p a t t e r n s .  Same as Run 53, except  

t h a t  t h e  inpu t  p a t t e r n s  were the  e e t  de r ived  from seven f e a t u r e s .  All 

24 p a t t e r n s  were used a s  a t r a i n i n g  set;  t h e  t e s t i n g  set  being empty. 

Parameter  Number of Tra in ing  P a t t e r n  Error8 
e Feat uree  ( t o t a l  b i t s  -- average)  

1 14 < o  0.00 
2 14 15 0.63 

’ 3 ’  14 18 0.75 
4 10 31 1.29 
5 6 43 1 .79  

Only i n  t h e  f i r s t  c a s e  d id  t h i s  a lgor i thm produce f e a t u r e s  s u f f i c i e n t  

f o r  p e r f e c t  reproduct ion  of these  p a t t e r n s  synthes ized  from seven 

f e a t u r e s ,  and then i t  produced an equal  number of redundant ” f e a t u r e s .  

As t h e  s ize  parameter  was increased ,  t o  reduce t h e  number of f e a t u r e s ,  

no t  on ly  t h e  redundant members of t h e  set were e l imina ted ,  but  some 

of t h e  e s s e n t i a l  members a s  w e l l .  

I t  

Run 56 -- Seven-Feature p a t t e r n s .  Same as Run 54 except  that 

a new output  format was employed. For e f f i c i e n c y  in earlier rune, 
patterns had been p r i n t e d  out  i n  a one- l ine  format ,  as 

Xxxxx x .... xxxx. x .... x . . . .  



To one work ing  c l o s e l y  with these  p a t t e r n s ,  t h i s  is e a s y  to i n t e r p r e t ;  

however, t o  f a c i l i t a t e  d i scuss ion  wi th  o t h e r s  no t  so i n t i m a t e l y  involved ,  

t h e  more g raph ic  rectangular a r r a y  output  format was programmed: 
, I C .  . I  

Xxxxx . . . .x x . .  .x 
x.... . . . .x x. .xx 
x . . .  . . . . .x  xx. .x 

x.. .x x.... xxxxx 

* ’  xxxx. . . ‘.X X.X.X EtC.3 8 ’ * I . .  $ 1 ,  

I .  

~ e r ?  5-by-5 3r 5-Sy-7 p a t t e m ~ s  p r i n t  ou t  s imul taneous ly  i n  t h i s  format .  

Where t h e  p a t t e r n s  have some meaning o t h e r  than as a r b i t r a r y  a r r a y s  of 

e lements ,  such a s  t h e  aiphenuneric  se t ,  t h i s  format permi ts  immediate 

s u b j e c t i v e  e v a l u a t i o n  a s  t o  whether t h i s  meaning has  been preserved i n  

t h e  r econs t ruc t ion  of a given p a t t e r n .  

Summary r e a u l t s  of t h i s  run  were i d e n t i c a l  w i th  t h o s e  obta ined  i n  

Run 54. 

1 ,  

, b .  .I 7 I 

Run 57 -- Alphanumeric P a t t e r n s .  This set of p a t t e r n 8  was 

run through t h e  Sequen t i a l  Algorithm t o  teet  Its performance on a set 

of p a t t e r n s  not cons t ruc t ed  from a l i m i t e d  set of f e a t u r e s .  I n  o r d e r  

t o  avoid  excessive run t i m e ,  computation was terminated a f t e r  t h e  

de t e rmina t ion  of 20 f e a t u r e 8  for each case .  

Parameter Number of Train ing  P a t t e r n  E r r o r s  - e Pea t u  res ( t o t a l  b i t s  -- average)  

1 20 187 5.34 
2 20 266 7.60 
3 20 158 4.51 
4 20 130 3.71 
5 20 122 3 . 4 9  

It might have been i n t e r e s t i n g  t o  cont inue  t h i s  experiment wi th  h ighe r  

va lues  of t h e  s i ze  parameter ;  however, i t  was reasoned a t  t h e  t i m e  

t h a t  f a i l u r e  t o  converge t o  fewer than 20 f e a t u r e s  wi th  a minimum s i z e  

of f i v e  elements amounted t o  f a i l u r e  of the a lgo r i thm t o  perform 

s a t i s f a c t o r i l y  wi th  t h i s  p a t t e r n  set. 
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g. B5000 runs -- Digram S t a t i s t i c s  of P a t t e r n  S e t s  

Runs 6 5 ,  SRI 1, SRI 2 -- A l l  three p a t t e r n - s e t s .  These runs  

were not  f e a t u r e  d e t e c t i o n  a lgor i thms,  but  merely computat ions of t h e  

f r equenc ie s  of element p a i r s  i n  t h e  t h r e e  s e t s  of p a t t e r n s .  These 

digram f r equenc ie s  a r e  presented i n  t r i a n g u l a r  arrays. 

elements  a r e  t h e  numbers of times each element occurred w i t h  i t s e l f  

i n  t h e  p a t t e r n  set ,  and a r e  thus  t h e  f r equenc ie s  of t h e  i n d i v i d u a l  

e lements .  

The l i n e  p a t t e r n s ,  Seven-Feature set and Alphanumeric s e t ,  exhibit 

vide v a r i a t i o n s  i n  t h e  digram f requencies .  

The d iagonal  

The "blob" p a t  t e r n s ,  1. e .  , 
t h e  T r i a n g u l a r  se t ,  e x h i b i t  small v a r i a t i o n s ,  wi th  a f a i r l y  uniform 

dec rease  i n  f requency wi th  d i e t ance  between elements .  
.~ ,'. , *  I _. >I 1 .* - . ,  , . / 1 1 *  1 . 1 &  I . ) ,  i , ,  
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